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FOREWORD 

This document is an interim technical report executed in response to the statement of 
lorkt,r^?r^ASl-151«, Environmental Exposure Effects on Composite Materia s 
for Commercial Aircraft. The work was conducted from November 1977 to July 1981. 
The contact develops long-term environmental durability data and is scheduled to 
continue until 1988. This report covers specimen design, fabrication, and deploy.for 
both long-term and accelerated laboratory testing. Some test results from both long-term 
and accelerated exposure also are included. 

Work on this contract is being performed by the Advanced Structural Concepts organiza- 
tion. Key personnel associated with the program during the reporting period and their 
area of responsibility are: 

J. E. McCarty Program Manager 
D. J. Hoffman Technical Leader* 
M. N. Gibbins Test and Analysis 
M. W. Ledbury Materials 
B. D. Parashar Quality Assurance 
J. S. Chen Chemical Analysis 

The International System of Units (with parenthetic U.S. equivalents) is used for physical 
quantities throughout this report. Measurements and calculations were made in U.b. 
customary units. 

^Because D. J. Hoffman is no longer with Boeing, M. N. Gibbins has been named Technical 
Leader. 
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1.0 SUMMARY 

A combined analytical and experimental program is being conducted to evaluate the 
hVuJnceof aircraft-associatedEnvironments on the environmental resistance of com- 
merciälly avaUablfcomposite material systems. Expanded use of <™{™* ™^£t3 
nrirnkrv aircraft structure requires an improved understanding of the environmental 
Surabilitioi^these materS systems. This report covers the first 3 years of a planned 11- 
year program. 

The basic program uses T300/5208, T300/5209, and T300/934 graphite-epoxy composite 
matedals. ^-1/3501-6 graphite-epoxy and Kevlar W/F161-188 ^vlar-epoxy composite 
materials were added to the program as optional materials 2 years after its start, lrus 
report presents results from only the basic program. Materials were purchasedI and 
evaluated for mechanical and chemical baseline properties before exposure. Large groups 
of specimens were then weighed, measured, assembled into fixtures, and deployec1 for 
exposure. Sets of specimens were sent to three commercial airlines for deployment 
aboard Boeing model 737 aircraft flying in daily revenue service. The airlines chosen for 
their willingness to support the required tasks and to provide a variety of flight 
environments were Air New Zealand, Ltd., Aloha Airlines, and Southwest Airlines. Other 
sets of specimens were sent to four different ground exposure sites. Three locations were 
major operating bases of the three airlines involved in the program. The fourth site, 
NASA-Dryden Flight Research Center, was selected to give a broad range of climatic 
features. Sufficient ground and aircraft specimens were deployed to permit returns and 
postexposure evaluation after 1, 2, 3, 5, 7, and 10 years. 

Sets of specimens also were deployed to various controlled laboratory environments. The 
six laboratory exposures ranged from simple time alone to a complex programmed 
temperature, pressure, humidity chamber that simulated an aircraft ground-air-ground 
(GAG) cycle. 

After two years of long-term exposure, the tension and flexure specimen configurations 
have shown little or no residual strength decreases from baseline values. Some specimens 
have shown residual strength increase. The short beam shear strength values, however, 
have shown greater strength reductions particularly at the wetter environments. 

The laboratory exposure results show the short beam shear specimens are somewhat more 
sensitive to laboratory environment than are the other configurations. 



2.0 INTRODUCTION 

(refs.  1 and 2).    One method of improving  efficiency is to reduce aircratt struciurai 
weight (refs. 1 and 3). 

Composite materials have ^^^^53^^ 

TnÄeltr If the conf ince currently experienced by composites in secondary 
Structuralapplication^ is to be extended to primary structure, the effects of long-term 
exposure to the aircraft operating environment must be better understood. 

It is well known that composite laminates will absorb moisture given the correct condi- 
ons    I   alsoTs known that absorbed moisture can degrade the mechanical properties o 

composite laminates, particularly at elevated temperatures.    ^-f^LZTZer 
are frequently exposed to atmospheric moisture, rain, and accumulated (trapped) water, 
quantitative data are required showing the amount of fluids absorbed under various condi- 
tions and the effect of this absorption on mechanical properties. 

The science of composite materials is relatively new and hence, rapidly changing.  Tc»take 
advantage of the advances in this maturing science, it will be necessary founderstand how 
to test for and predict long-term durability from short-term accelerated tests.   Accel 
erated   laboratory  test   techniques   must   be   developed  that   are   capable   of   reliably 
predicting long-term durability. 

This contract will expand, and in some cases establish, the long-term data base for 
composite materials a? they are affected by inflight and on-the-ground aircraf oper- 
3 environments. The study also includes a task to develop an accelerated 

environmental test procedure and to correlate long- and short-term results. This will lead 
to an analytical model capable of predicting the long-term environmental durability of 
composites. 

The overall program has a duration of 11 years and is performed in three tasks: 

•        Task I—Flight Exposure 
Confidence through long-term exposure data 
Interior and exterior exposure on three different airlines for times up to 10 
years 
Over 5300 specimens 

Task II-Ground Exposure 
Confidence through long-term exposure data 
Solar and nonsolar exposure at four different ground stations for times up to 
10 years 

•        Over 5300 specimens 
Task Ill-Accelerated Environmental Effects and Data Correlation 

Baseline testing +..«„ 
Accelerated   tests   to   look   at   the   effects  of   time,   temperature,   stress, 
moisture, weatherometer, and GAG simulation 
Over 4300 specimens 
Analytical model for durability prediction 



•        Recommended   accelerated   test   procedures   for   evaluating   environmental 
resistance 

The program includes inflight and ground exposure for durations up to 10 years and will 
obtain mechanical strength data from approximately 17 000 specimens representing five 
different composite material systems. Physical and chemical property data also will be 
extracted from selected specimens.  The program schedule is shown in Figure 1. 
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3.0 SYMBOLS AND ABBREVIATIONS 

Cv 
coefficient of variation 

Dll 
bending stiffness 

E Young's modulus 

GAG ground-air-ground 

NDI nondestructive inspection 

t specimen thickness 

T 
g 

glass transition temperature 

W specimen width 

Ql quasi-iso tropic 

R&D research and development 

RH relative humidity 

RT room temperature 

UV ultraviolet 

e strain 

6 deflection 

u microstrain at fracture 

a stress 



4.0  AIRPLANE-ASSOCIATED ENVIRONMENT 

To predict the environmental durability of composite materials for ^^1^^ 
service, it is first necessary to define the environment to which these materials will be 
exposed.  This is considered a difficult but critical step for several reasons. 

First, the exact mechanisms of long-term composite degradation are unknown. This 
means that the environmental definition must be flexible enough to account for a variety 
of degradation modes. 

Second, the list of environmental factors that may affect composites is lengthy but 
manageable. It includes temperature, humidity, fuels, fluids, ultraviolet (UV) radiation, 
and others. The complexity results because these items rarely occur alone, and realistic 
combinations must be established. Care must be exercised to avoid taking worst cases of 
individual factors and combining them to produce a case that is not realistic 

Third, the anticipated exposure will vary significantly with the particular airplane model, 
airline, and component on the aircraft. The challenge is to combine all of these factors 
into a manageable definition of aircraft-associated environment. 

The first step in the environmental definition is time alone. It is important because it 
defines how long (or for how many cycles) the material system or component must endure 
all of the adverse environmental factors. A complete description of the program content 
was given in the first quarterly report (ref. 5). Other reports (refs. 6 through 14) have 
covered progress to date. 

An airplane calendar lifetime goal of 20 years is somewhat arbitrary but is widely 
accepted throughout the commercial transport industry as an unofficial target. In the 
future, the 20-year life may actually prove to be conservative. Rapidly rising fuel prices 
have resulted in more research designed to improve fuel efficiency. This program is part 
of that increased research and development (R&D) effort. As more fuel-efficient aircraft 
are developed, carriers may modernize their fleets more often. Boeing estimates that one 
out of every two aircraft sold in the future represents a replacement for an existing, 
aging aircraft. The older airplanes may be passed on to second- and third-tier owners and 
ultimately, the oldest and least economically efficient airplanes are retired. 

The second factor that must be considered in the environmental definition is how the 
aircraft is used. This varies with the model of aircraft and the carrier. Airplanes are 
designed to fill particular range and payload requirements. Different models, therefore, 
have significantly varying mission profiles. Furthermore, a fleet of a particular aircraft 
model will have different utilization rates and mission profiles depending on the route 
structure of the carrier. This is specifically true of the regional carriers and the shorter 
range aircraft. As an example, Aloha Airlines operates a fleet of Boeing model 737 
aircraft wholly within the Hawaiian Islands. The average flight length is 28 minutes. 
Although not participating in this contract, Frontier Airlines provides a good contrast. It 
operates the same aircraft over a 26-state region plus Canada and Mexico and has an 
average flight length of 60 minutes. 

Finally, most individual aircraft will normally have a mission mix. As an example, United 
Airlines flight no. 44 originates in Seattle, Washington and flies to Portland, Oregon (132 
statute miles), continues to Salt Lake City (630 statute miles), and terminates in 
Washington, D.C. (1839 statute miles). In a single day, this aircraft flies a short, medium, 
and relatively long-range flight. 



The Boeing Company has made extensive studies on its jet fleet statistics. The results of 
these studies account for various models, utilization rates, and mission mix. This 
methodology is ideally suited for describing the utilization data required for an environ- 
mental durability analysis. 

The initial step in this procedure is to determine the number of life flights. Utilization 
histories are accounted for by requiring an aircraft design for short, medium, and long 
flight lengths. The long flight length is a percentage of the maximum range based on the 
mo? ,e?7

0"0mic^ operations with a fixed percentage of design payload. Each aircraft 
model (737 or U7) will have a different long flight length and hence, different medium 
and short lengths. The design requirement for long, medium, and short flights takes into 
account different ways each aircraft model may be used. A short- and a long-range 
aircraft will be used as an example. ö       & 

mlhU^* SThrt -fl!?ht +
lengthS arS USGd l6SS °n a dai]y averaSe than those with long flight lengths. This is due to various reasons such as increased ground time requirements, 

passenger load and unload, and galley servicing. It is also due to the route structuretfS 
Th *i K?n,ge auCra? conventionally flies, as opposed to that of a long-range aircraft. 
The flight length and the utilization rate per day can be used to calculate thfflfehts for 
tne A)-year timespan. ° 

aircr\fthf.in.r,be/ °u ^ ^ *?*" determined> th« next step is to ascertain when the 
f ier S tvnv ? f + V

ltS °n the grOUnd' Fi8ure 2 shows various Possibilities. The day Hier is typical of most short-range aircraft and to a lesser degree, of all aircraft. Curfew 
requirements on many of the world's major airports limit the number of arrivals and 
departures occurring between approximately midnight and 6 a.m. 

Day flyer 
Night flyer 

Noon 

Time of day 

idnight 

Figure 2. Typical Aircraft Uses 
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The level line curve represents freighter aircraft and combined passenger-freighter 
aircraft. Basically, the use remains constant throughout the 24-hour period. The night- 
flying aircraft is a less prevalent case and probably limited largely to long-range aircraft. 
Studies are being performed to determine whether or not some of these profi es can be 
eUmlnated from further analysis. This data, coupled with a particular airline route 
structure (climate), will determine the aircraft macroenvironment. This macroenviron- 
ment must now be modified to account for solar heating, convective cooling, moisture 
condensation, rain, and surface coatings. 

One way to manage numerous environmental variables is to study the ways the material 
can flilf Generally, a material fails from prolonged, extreme, or repetitive exposure to a 
given set of conditions. Using temperature as an example, failure can be caused by heat 
Ling due to long exposure periods in a hot arid desert climate or due to exposure to a 
temperature extreme (i.e., being in the proximity of but not directly involved in a fire). A 
material also might fail because it is subject to a large number of freeze-thaw cycles. 

The exposure sites and conditions for aircraft, ground rack, and laboratory simulation 
were selected to represent temperature cycles plus moisture, stress, and solar radiation 
variations. Exterior aircraft exposure provides the most severe cycles of temperature and 
moisture in commercial airplane service. Interior aircraft exposure involves a milder 
climate. Ground-based exposure will not involve the extreme.cold of the air,craft 
exposure but will provide a method for determining specific effects of flight or.the 
materials. The laboratory simulation then can be compared with the accelerated 
environmental exposure. 

11 



5.0 MATERIALS AND PROCESSES 

5.1 MATERIAL SELECTION 

This study is being conducted to develop a long-term environmental data base and to 
better understand the mechanism and extent of composite material degradation in the 
commercial ansport aircraft environment. Individual materials were selected because 
of their prior usein components or because they provide discrete variables in the 
durability study. 

Identification of commercial products in this report is used to adequately describe the 
test materials. Neither the identification of these commercial products nor the results of 
the investigation published herein constitutes official endorsement, expressed or implied, 
of any such product by either The Boeing Company or NASA. 

Five materials were selected for evaluation: 

Narmco T300/5208 (material A) 
Narmco T300/5209 (material B) 
Fiberite T300/934 (material C) 
Hercules AS-1/3501-6 (material D) 
Hexcel Kevlar 49/F161-188 (material E) 

The T300/5208 system was selected because of its widespread use on components 
currently in service. The T300/934 system was selected because of its chemical and cure 
similarities to the 5208 system. 

The T300/5209 system was selected because it is a 121°C (250°F) curing system and 
because it has been used successfully on the NASA-sponsored 737 graphite-epoxy spoiler 
evaluation. 

The AS-1/3501-6 system was selected because of its significant usage, primarily in 
military aircraft, and because it affords an opportunity to look at the AS fiber. 

The Kevlar 49/F161-188 system was selected because of a high level of interest in this 
material class by commercial aircraft companies for use on future airplanes. The 
selected system has been used to fabricate 727 engine cowls currently in service 
evaluation. 

Standard Boeing procedures were used to process the materials so that the resulting 
specimens would have characteristics representative of manufactured commercial air- 
craft structures. 

5.2 MATERIAL PROCESSING 

All specimen fabrication processes were conducted with two goals. First, it was desired 
that the deployed specimens represent production quality, and second, batch-to-batch and 
process-variable effects were minimized. 

Materials were purchased and controlled to existing Boeing material specifications or 
modified versions of existing specifications. The T300/5208 system was purchased toQ a 
Boeing material specification for epoxy preimpregnated graphite tapes cured at 177 C 
(350°F).  The T300/5209 system and the AS-1/3501-6 systems were purchased to a slightly 

13 



modified version of the same specification. The primary changes for the 5209 system 
included a revised cure cycle and a reduced temperature for elevated temperature 
property requirements. Changes for the AS-1/3501-6 system were limited to minor 
changes in some mechanical property requirements. Finally, the Kevlar 49/F161-188 
system was purchased to a Boeing material specification for aramid fabrics preimpree- 
nated with 177°C (350°F) cure epoxy resin. 

Receiving inspection and process control tests were conducted, and their results were part 
of the baseline material characterization. Receiving inspection test results for all 
materials and batches used on this contract can be found in references 6, 7, 13, and 14. 

Once accepted, the material systems were processed according to existing process 
specifications or slightly modified versions of existing specifications. The modifications, 
when required, were made for the same reasons discussed in section 5.1. No postcurinp 
was used. The cure cycle for the 177°C (350°F) cure graphite systems is shown in 
Figure 3. The cure cycle for T300/5209 is shown in Figure k. The cure cycle for the 
Kevlar is shown in Figure 5. 

Temperature 

0.5 to 3 C/min 
(1 to5°F/min) 

174 to 185 C (345 to 365 F) 

3 C/min 
(5°F/min) 

585|'r°o'KPa (85+^|lb/in2) 

Autoclave 
pressure 

20 KPapermin 
(3 lb/ir)2 per min) 

(Atmospheric) 
140 KPa (20 Ib/in2) \ 

Bag 
vacuum 

Vent bag to atmosphere 

560 mm (22 in) Hg 

 — . fc_ 
Time 

Figure 3. Cure Cycle for 177°C (350°F) Graphite-Epoxy Laminates 
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Temperature 

121 to132°C(250to270°F) 

1 to 5 C/min 
(2 to 8°F/min 70 C (160 F) 

Autoclave 
pressure 

52"C 
(125°F) 

310 ±35 KPa (45 ±5 Ib/in2) 

140 KPa (20lb/in2) 70 KPa (10lb/in2) 

Bag 
vacuum 

Vent bag to atmosphere 

-560 mm (22 in) Hg 

Time 

Figure* Cure Cycle for 121°C (250°F) Graphite-Epoxy Laminates 

To minimize material and process variables, all prepreg for a specific material system 
was procured from a single batch. Specimens also were cut from large, wide-area 
laminates. As an example, the 2654 specimens required for the T300/5209 system were 
machined from only 10 laminates. One exception to the single batch rule occurred with 
the AS-1/3501-6 system where a machining error caused a shortage of compression 
specimens and required purchase of a quantity of material from a second batch. The 
compression specimens from the second batch of material were distributed throughout 
long-term deployment and were traced to permit a limited batch-to-batch evaluation. 

15 



Temperature 

0.5 to 3 C/min 
(1 to5°F/min) 

Autoclave 
pressure 

174to185°C(345to365°F) 

140KPa(20lb/in2) 

585!+102KPa(85^15i|b/in2) 

3 C/min 
(5°F/min) 

Bag 
vacuum I 560 mm (22 in) Hg 

Vent bag to atmosphere 

Time 

Figure 5. Cure Cycle for 177°C (350°F) Kevlar Laminates 
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is: 

6.0 TEST SPECIMENS 

The mechanical, physical, and chemical changes in five different advanced composite 
material systems will be evaluated. Most physical and chemical property measurements 
are being made on mechanical property test specimens. 

6.1   BASIC SPECIMENS 

Four different mechanical test specimens were selected for evaluation and are found in 
aU three tasks. They include tension, compression, short beam interlaminar shear, and 
flexure. These specimens will provide the required link between the long-term exposure 
data and the accelerated laboratory testing.  The rationale for selecting these specimens 

Unidirectional short beam shear provides an inexpensive test to determine relative 
change of matrix properties, is an industry standard test, and is ideal for external 
flight exposure because of its small size. 

The crossplied flexure specimen also can be made small and,therefore, is well suited 
to external flight exposure. The 0 surface plies dominate the specimen strength, 
making the specimen sensitive to surface degradation. This configuration lends 
itself to plotting a load-deflection curve during test, thereby providing some 
measure of stiffness change. 

The ±M-deg tension specimens produce matrix-critical data. The specimen has been 
used as an industry standard. This configuration also lends itself to being stressed 
during exposure. 

The unidirectional compression specimen provides a surface-sensitive matrix- 
critical specimen. Evidence suggests that this configuration will be the most 
discriminating of the four (ref. 4). 

A Kevlar test specimen evaluation program was conducted to determine the best Kevlar 
test specimen configurations.  Results of this program can be found in Reference 12. 

Engineering drawings of all specimen geometries appear in references 5, 6, and 13. The 
four basic test specimens are shown in Figure 6. 

6.2  ADDITIONAL LABORATORY SPECIMENS 

In addition to the four basic specimens, additional laminates of tension and compression 
specimens were added to the Task III accelerated laboratory test matrix. These speci- 
mens are: 

Specimen Configuration Laminate Layup 

• 

• 

Compression 
Quasi-isotropic 

90 deg 

Tension 
0 deg 

Quasi-isotropic 

90 deg 

+45/0/90 ]3s 

90Lo 

+45/0/90] s 

>°]2o 
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0 

Figure 6. Basic Test Specimens-Painted 

Specimens made from neat resin castings and specimens intended to evaluate the behavior 
of the paint film used in the long-term testing also were fabricated for Task III. 

The unidirectional laminate specimens were added to more fully characterize the material 
systems. The quasi-isotropic specimens were included to test the performance of the 
materials in this laminate. 

6.3 PAINT SCHEME 

Composite structures in service will probably require a coating to provide protection from 
ultraviolet (UV) radiation that degrades matrix material at the surface. All the long-term 
ground and flight specimens and half of the specimens in the weatherometer environ- 
Fl^nä exposure chamber were painted similarly to the NASA Aircraft Energy Efficient 
IACEEJ program structures. The complete coating consists of one coat of primer and one 
coat of gloss enamel. The gloss enamel is a polyurethane exterior protective coating. 
The primer is corrosion resistant and compatible with the gloss enamel. Most of the 
laboratory-exposed specimens were not painted because they experienced insignificant UV 
r3.dicrtj.on* 

Although the paint affords UV protection to the matrix, other extraneous effects are 
introduced. For instance, the paint may absorb more moisture than the matrix material, 
making it difficult to measure the amount of moisture in the composite. 
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6.4 SPECIMEN NUMBERING SYSTEM 

A specimen numbering system identifies the material system, specimen configuration 
geographical exposure location, local exposure condition, and exposure duration.    The 
seven-character alphanumeric identification scheme is summarized in Figure /. 

(2)   SPECIMEN CONFIGURATION 

SE Short beam extended 
(three specimens) 

SB Short beam shear 

FL Flexure 

T4 ±45 tension 

TO 0 tension 

T9 90 tension 

TQ Quasi-isotropic tension 

CO 0 compression 

C9 90 compression 

CQ Quasi-isotropic compression 

(3)   GEOGRAPHICAL LOCATION 
P   Southwest Airlines 
A   Aloha Airlines 
F   Air New Zealand 
N   Dallas, Texas 
E   Dryden-Edwards, California 

D   Wellington, New Zealand 

H   Honolulu, Hawaii 
L   Laboratory 
blank   Excess and unassigned 

(1)   MATERIAL 
A T300/5208 
B  T300/5209 
C T300/934 
D   AS-1/3501-6 
E   49/F161-188 

T4 N N 07 

(4)    LOCAL EXPOSURE LOCATION 

AND CONDITION 

S   Solar 
N   Nonsolar 
1 Interior (Task II) 
B   Baseline and temperature 
T   Time effects 
M   Moisture effects 
2 Time and stress 
G   Ground-air-ground cycling 

W   Weatherometer 
F    Slow cycle fatigue 
blank   Excess and unassigned 

(5)   EXPOSURE DURATION  
00 0 yr nominal 
0A   1 mo nominal 
0B   2 mo nominal 
0C   3 mo nominal 
OF   6 mo moninal 
01 9 mo nominal 
01 1 yr nominal 
02 2 yr nominal 
03 3 yr nominal 
05 5 yr nominal 
07 7 yr nominal 
10   10 yr nominal 
blank   Excess and unassigned 

'Material 934-±45 tension, Dallas (ground rack), nonsolar, exposed for 7 years 

Figure 7. Specimen Numbering System 
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Considerable attention was devoted to identifying and tracking specimens through 
weighing, measuring, painting, reweighing, exposure, and postexposure evaluation. It was 
decided that any method of identification capable of lasting through 10 years of exposure 
(e.g., vibro etch) would compromise the integrity of the test specimen or the paint film. 
A system involving stick-on labels was therefore devised. A computer program generated 
the specimen numbers in a format that could be printed onto adhesive-backed paper and 
cut up into individual labels. These labels were initially applied to the specimens at the 
same time as the graphite-only weight and dimensions were recorded. Fixtures were built 
to hold the specimens during the painting operation. These fixtures provided a space 
adjacent to each individual specimen where the label could be placed during painting. 
Once the paint had dried, the labels were returned to the adjacent specimen. 

The computer program also generated the specimen numbers in a format that could be 
attached to standard 80-column computer program coding forms to create data sheets as 
shown in Figure 8. Spaces are provided for recording thickness, width, weight, and failure 
load measurements. There are four columns for weight measurements, the first for the 
unpainted specimen, the second for the painted specimen, the third for the exposed 
specimen after return to Boeing, and the fourth for the dried out specimen after exposure 
and return to Boeing. Not all specimens require data in all columns. The last column 
labeled "Remarks" is used for recording the test temperature. The completed data sheets 
are used to keypunch the data on computer cards for data storage and to facilitate data 
entry into computer files for analysis. Convenience required that data be recorded in U.S. 
customary units except for weights, which were recorded in grams. 

6.5 SPECIMEN WEIGHTS 

Individual specimen weights were measured at various points of exposure for most of the 
specimens assigned to long-term or accelerated laboratory exposure. Measurements were 
performed at the following phases of fabrication and exposure: 

• Before painting and after storage in a drum under dry conditions—25 to 30% relative 
humidity (RH). 

•■        After painting—all of the long-term exposure specimens were painted, but most of 
the accelerated laboratory specimens were left unpainted. 

• After the environmental exposure—before mechanical testing. 

• After dryout and before mechanical testing—most of the specimens were not dried 
prior to testing. 

These measurements provide before/after exposure weight comparisons and the weight of 
the paint for the painted specimens. In addition, many laboratory specimen weights were 
tracked throughout exposure to provide details of the effects of exposure on moisture gain 
and erosive effects. 

The weight change effects being measured include: 

• Moisture absorption or desorption 
• Foreign substances (dirt) attached to the surface 
• Paint or material chipping 
• Surface material erosion 
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In general, before/after exposure gross specimen weights may not be the best way to 
measure or track absorbed moisture in individual specimens, especially when they are 
subject to complex environmental conditions. For instance, weatherometer specimens 
suffer surface material erosion, and long-term flight specimens are subject to dirty 
conditions and rough handling. For these and similar exposure situations the best way to 
measure moisture content may be the dry-out procedure discussed in section 6.6. For 
some specific exposure conditions, such as conditions limited to relative humidity effects, 
gross specimen weights may be an appropriate way of tracking moisture absorption. 

6.6 TEST PROCEDURES 

The following paragraphs briefly describe the testing procedures for all specimen 
configurations associated with this contract. Strengths for each exposure situation and 
material are averaged, and overall strength is reported as a percentage of baseline 
strength. Baseline values are considered 100%; therefore, strengths reported above 100% 
are stronger than baseline, and strengths reported below 100% are weaker than baseline. 
Baseline testing was performed at three temperatures: room temperature, 40°C (120 F), 
and 82 QC (180 F). Environmentally exposed specimens are tested at room temperature 
and 82 C (180 F). Specimens are soaked at temperature for 5 minutes. Elevated 
temperature testing is compared to baseline tests at that temperature. 

Short Beam Shear-Short beam shear testing is used to measure an apparent shear 
strength in composite materials. The shear strength is useful in comparative testing but 
should not be used as design values. Testing was performed and strengths were calculated 
according to ASTM/ANSI standard D 2344-76. The specimens were loaded in three-point 
bending. The support span dimension is a function of specimen thickness. For graphite- 
fiber-reinforced materials, the span/thickness ratio is 4. The span/thickness ratio for 
Kevlar was determined in the specimen configuration testing described in Reference 12. 
Spans for all specimens of each material were determined as a group using average 
laminate thicknesses.  The resulting values were: 

Material Span, mm (in) 
T300/5208 9.9  (0.39) 
T300/5209 10.4  (0.42) 
T300/934 11.2  (0.44) 
AS1/3501-6 10.3  (0.404) 
49/F161-188 13.3  (0.524) 

Specimens are all loaded to fracture in a Tinius-Olson mechanical testing machine at a 
crosshead deflection rate of 1.3 mm/min (0.1 in/min). 

Flexure-The crossplied flexure specimens used in this contract are failure dominated by 
the surface 0 plies and therefore, are sensitive to surface effects. Testing was performed 
and strengths were calculated for extreme fiber stresses per ANSI/ASTM standard 
D790-71. Specimens are loaded to fracture in 3-point bending in a Tinius-Olson 
mechanical testing machine at a crosshead deflection rate of 2.5 mm/min (0.1 in/min). 

Tension-All tension testing was performed in either an Instron or a Tinius-Olson testing 
machine at a crosshead rate of 2.5 mm/min (0.1 in/min). The specimens were held in 
ordinary mechanical grips with serrated jaws. In addition to the 0 specimens, the stressed 
-45-deg were the only specimens with loading tabs; however, the jaw serrations do not 
adversely affect the testing quality of the untabbed specimens. Specimen response is 
monitored during each test with an extensometer, and a load/strain curve is plotted up to 
specimen fracture. Fracture load also is recorded for each test. Ultimate failure stress 
is calculated by dividing the failure load by the measured specimen cross-sectional area. 
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Compression-All compression testing on graphite-epoxy materials was performed using 
Celanese-style compression specimens and fixture. The IITRI compression fixture, which 
uses the same style specimens, also was considered. Several spare specimens were tested 
in each fixture to compare performance, and these results are discussed briefly in 
Reference 14. The Celanese fixture was selected because the Boeing test laboratories 
have access only to this fixture on a consistent basis. 

The comparison tests showed that the load/deflection curves were more linear if a 13mm 
(0 5 in) gaee block was inserted between the Celanese fixture jaws, and a load of 2200 N 
(500 lb) was applied. This preload is intended to align the jaws and set the jaw serrations 
into the specimen tab material without actually applying a load to the specimen. 

Loading is performed at a crosshead deflection speed of 2.5 mm/min (0.1 in/min) or 
loading rate of 22 kN/min (5000 lb/min). 

Specimen Dryout-Moisture Content-One shear exposure specimen from each long-term 
exposure condition and for each material is reserved for a dryout procedure at the end of 
the deployment duration. Upon return to Boeing, the specimens are weighed and the 
dryout specimens are placed in a 71°C (160°F) circulating air oven. The specimen weights 
are tracked until the specimens cease losing weight, a period usually lasting about 9U 
days. Once the specimens are dry they are divided into three short beam shear specimens 
each and tested in the usual manner. 

The maximum weight loss incurred is assumed to be equal to the specimen moisture 
content at time of return. This value shows the moisture content for all specimens of a 
particular material and exposure situation. When compared with the other short beam 
shear specimen tests, the dryout specimen tests show the effect of moisture content on 
strength and stiffness response. 
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7.0  LONG-TERM EXPOSURE 

7.1  TASK I-FLIGHT EXPOSURE PLAN 

The plan for Task I exposure is shown in Figure 9. Tests and specimen config^atj0"« '^ 
been selected to provide maximum data for correlation among the three tasks and for 
integration into mathematical models.  The matrix covers: 

Participating airlines 
Retrieval periods 
Exterior and interior exposure 
Material systems 
Specimen configurations 
Stress states 
Replicate specimens 
Residual test temperatures 
Solar and nonsolar exposure 

Taking one basic interior or exterior specimen set unit at each exposure site on the 
aircraft, the matrix shows 98 specimens deployed on the aircraft exterior and 81 
specimens deployed in the aircraft interior for each planned retrieval period. As each 

tSal period "arrives, one interior set and one exterior set would be -moved and 
returned to Boeing for testing and evaluation. Initially, only the 1-, 2-, and 10-year flight 
exposure specimens were deployed. This kept the total number of aircraft involved to a 
minimum while keeping the total exposure duration within 10 years. When the 1-year 
mgTexpoCre spechnfns are removed from the aircraft, they are replaced with 3-year 
expo urePspecimens. When the 2-year exposure specimens are removed, they are replaced 
with 7-year exposure specimens. When the 3-year exposure specimens are removed, they 
are replaced with the 5-year exposure specimens. 

7.2 TASK H-GROUND EXPOSURE PLAN 

The exposure plan for Task II testing is shown in Figure 10.  The matrix covers: 

Geographical exposure locations 
Retrieval periods 
Solar and nonsolar exposure 
Material systems 
Specimen configurations 
Stress states 
Three replicate specimens 
Residual test temperatures 

At the end of each exposure period, the plan calls for 135 specimens to be retrieved and 
returned to Boeine. Of these, 63 are from the solar exposure face, and 72 are from the 
nonsolar face All the ground' rack specimens for T300/5208, T300/5209 and T300/93 £t 
each location are deployed on one rack, and the specimens for AS-1/3501-6 and 
49/F161-188 are deployed on a second rack. 

7.3 AIRLINE AND SITE SELECTION 

Exposure locations for Task I flight exposure and Task II ground exposure were based on 
several factors.   Three of the four ground sites were predesignated as major operating 

25 



Task I 
Flight Exposure 
3222 specimens 1074 

specimens 
each 

179 
specimens 
each      \ 

1 year 

/\        /\ 

2 year 3 year 
Exposure 

data 

5 year 7 year 10 year 

/\/\     /\ 
s 

s 
% 

S 
^ 

s. 

(Typical) 

EXTERIOR OF AIRPLANE INTERIOR OF AIRPLANE 

LU 
"SL CO 
—  LU 
CJ — 
LU  DC 
0_   LU 
CO  CO 

O 
1- 
< 

_, DC 

W  D 

^V 

So 
co O 

LU 
DC 

DC CO 
< O 
_i a. 
O X 
CO  LU R

E
S

ID
U

A
L 

 S
T

R
E

N
G

T
H

 

T
E

S
T

  
 T

E
M

P
E

R
A

T
U

R
E

 

°C
 (

°F
) 

D
R

IE
D

   
P

R
IO

R
 

T
O

  
T

E
S

T
IN

G
 

■z. 
LU 
2 co 
—  LU o — 
LU  DC 
a. LU 
CO CO S

P
E

C
IM

E
N

 
C

O
N

F
IG

U
R

A
T

IO
N

 

R
E

S
ID

U
A

L 
  S

T
R

E
N

G
T

H
 

T
E

S
T

   
 T

E
M

P
E

R
A

T
U

R
E

 
°C

(°
F

) 

1 Short beam shear Yes 21   (70) 1 Short beam shear 21 (70) 
2 Yes 82  (180) 2 Short beam shear 82 (180) 
3 Yes 82  (180) Yes 3 Flexure 21 (70) 
4 21   (70) 4 Flexure r    82 (180) 
5 82  (180) 5 Compression 21 (70) 
6 ' ■ 82  (180) Yes 6 Compression 82 (180) 
7 Flexure Yes 21   (70) 7 Tension 
8 Yes 82  (180) (stressed) 82 (180) 
9 21   (70) 8 Tension 

10 ' 82  (180) (unstressed) 21 (70) 
11 Tension Yes 82  (180) 9 Tension 
12 Tension 82  (180) (unstressed)               I 82 (180) 

ote:   ( 1)   Matrix repeated for all five material systems. N ote:   (1 Matrix repeated for all five material 
except that there are no tension specimens for systems. 
T300/5209, AS-1/3501-6, 49/F161-188.                               (2 Each specimen configu ration contains 

( Z)   ha ch specimen co ifigurat on contains three three replicates. 
replicates except tension specimens which 
contain two replicates. 

Figure 9. Flight Exposure Test Matrix 
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1 Short beam shear Yes 21 (70) 

2 Yes 82 (180) 

3 Yes 82 (180) Yes 

4 21 (70) 

5 82 (180) 

6 ■ ' 82(180) Yes 

7 Flexure Yes 21 (70) 

8 Yes 82(180) 

9 21 (70) 

10 ' 82 (180) 

11 Compression 21 (70) 

12 Compression 82 (180) 

13 Tension 
(stressed) 82 (180) 

14 Tension 
(unstressed) Yes 21 (70) 

15 Tension 

No 

(unstressed) Yes 82 (180) 

te: (1)    Matrix repeated for all five material systems. 
(2)    Each specimen configuration contains three replicates. 

Figure 10. Ground Exposure Test Matrix 
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Joward??h?Tthb T
SeleCted Task J airlines so tha* selection criteria was heavily biased towards the Task I requirements. 

Individual factors that played a part in the selection process included: 

Airline route structure 
Airline fleet size and willingness to support the program 
General climatic factors within the area 
Airline, aircraft utilization 
Political climate of the area 

No attempt was made to seek out arbitrary worst case environments. Instead the selected 
sites represent a good cross section of the kind of environments that commercial 
transport structure could be expected to see. commercial 

A summary of the selected long-term exposure sites is shown in Table 1.   The selection 

AVI tZ T?u '""I USe f rernal aidine CarderS °PeratinS in a known climatic eg on" All three of the selected airlines had the required fleet size (six-airplane minimumfand 

TZTJ an lnTeSt in-!he Pr0gram< Air New ZeaIand and Aloha Grünes have provided excellent support on similar programs in the past. piuviuea 

 Table 7. Flight and Ground Exposure-Locations and Participants 
TASK l-FLIGHT EXPOSURE 

AIRLINES 

Air New Zealand Ltd. 
Aloha Airlines 
Southwest Airlines 

TASK ll-GROUND EXPOSURE 

RACK LOCATION 

Wellington, New Zealand 
Honolulu, Hawaii 
Dallas, Texas 
NASA-Dryden Flight Research 

Center, California 

COMMENT 

Air New Zealand Heaquarters 
Aloha Airlines Headquarters 
Southwest Airlines Headquarters 

The general cimatic factors within the airline route structure are summarized in Figure 
11. Honolulus warm, moist conditions are typical of tropical climates, which provide a 
harsh environment for conventional aircraft structure and are considered a potentially 
severe condition for moisture absorption in composites. There is little variation in 
temperature or relative humidity throughout the year. 

Wellington will provide a cooler but more moist environment than Honolulu. Coupled with 
less solar heating it is expected that the Wellington specimens, on the average, will 
contain more moisture than any of the other ground rack specimens. dveraSe> win 

Historical climate data for Dallas shows moderate and fairly constant relative humidity 
throughout the year but an extreme range of temperatures. numiany 

Iirep^thRgrOUn?-erfOSUre Si^-iS the NASA"Dryden Flight Research Center at Edwards 
fhnl     ■ ' Cahio

t
rma'   ThlS SitS rePresents arid to semiarid, desert-like regions and 

shows a large, seasonal variation ranging from cool and moist to very hot and dry. Based 
on monthly averages, it never gets as wet as Honolulu. It can be expected that the 
Honolulu specimens will absorb moisture to some equilibrium level and then change 
relatively little thereafter. The Dryden specimens, on the other hand, should undergo !n 
annual absorption/desorption cycle for their entire exposure duration.TheResidual 
strength  tests  will  assist  in determining  the relative severity of these two kinds of 
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Figure 11. Ground Rack Climatic Data 

The airline aircraft utilization history also played a part in the selection process. Typical 
flight profiles for the three selected airlines are shown in Figure 12. 

Aloha Airlines, which provided a unique flight environment, represents onelertreme.of a 
flight-usage spectrum. Flights are generally only during daylight hours and are flown n 
the area bounded by the Hawaiian Islands. Their hours-per-day utilization rate is 
relatively low, but because of an extremely short flight length, they accumulate numerous 
GAG cycles. 

Air New Zealand operates 737's in a maritime environment, fnd
+h

a1^!^ 
oversea approaches and departures or are located quite close to the coast.   Flights have a 
greate? variation in range than Aloha Airlines, have longer average flight durations, and 
fly at higher average altitudes. 

Southwest Airlines, on the other hand operates in ^ ^)^^r^
atmenX' ^^ 

range and duration is between that of Air New Zealand and Aloha Airlines. 

7A TEST SPECIMEN HOLDING FIXTURES 

Because of the numerous small specimens involved in the program, fixtures were designed 
to hold them in groups. This allowed group deployment and simplified identification and 
tracking. Short beam shear and flexure specimens were housed in the fixture shown in 
Figure 13. This fixture was designed to hold up to six flexure specimens and up to three 
shear exposure (nine short beam shear) specimens. Compression specimens were housed as 
groups of six in a similar fixture shown in Figure 1*. The production drawing for both 
fixtures is shown in Appendix B of Reference 7. 
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Figure 12. Typical Flight Profiles 

Mi 

Figure 13. Short Beam Shear and Flexure Specimen Holding Fixture 

Figure 14. Compression Specimen Holding Fixture 
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The holdine fixture for stressed tension specimens was designed to minimize size and 
weight while maintaining a sustained stress through a large variation in temperature. A 
cutaway of the completed fixture is shown in Figure 15. It consists of a ventilated 
titanium tube, with its characteristically low coefficient of therma expansion, and a 
custom aluminum clevis that compensated for the near zero thermal expansion of the 
eraphite test specimen. The length of the tube and the clevis were calculated so that the 
thermal expansion of the tube just equaled the thermal expansion of the specimen plus the 
aluminum clevis. Load is applied with the aid of a Bellville spring washer located just 
outside the end cap. The production drawing for this fixture was presented in 
Reference 7. The stressed tension specimens are loaded with a deadweight load procedure 
that accounts for springback in the test fixture. A target load of 1100 N (250 lb) was 
established to provide a reasonable stress level for determining differentiation with the 
unstressed specimens. A complete development of the procedure used to achieve this 
constant load is given in Reference 8. 

Figure 15. Cutaway of Stressed Tension Specimen Fixture 

7.5 AIRCRAFT SPECIMEN DEPLOYMENT 

Two specimen deployment locations were selected on the Boeing model 737 aircraft. 
These included the flap track fairing tailcone for exterior aircraft exposure and section *8 
of the fuselage for interior aircraft exposure. The general location of these areas is 
shown in Figure 16. The tailcone of the flap track fairing offered several advantages for 
generating actual flight service environmental data on the exterior of an aircraft. 
Because it is aft of the wing, trailing-edge aerodynamic problems were minimized. The 
tailcone is held to the aircraft with 16 bolts, and no alterations were necessary in the 
existing aircraft structure. Once in place, it is readily accessible for inspection, FinaUy, 
mounting specimens on the upper and lower surfaces permitted examination of the effect 
of solar heating and UV radiation. 

Two different modified flap track fairing tailcones were designed. The first version 
carries three of the short beam shear/flexure test specimen holding fixtures on the upper 
surface and three additional fixtures on the lower surface. The fixtures were attached to 
the tailcone with bolts and floating nutplates. A second tailcone was designed to hold 
four tension specimens on the upper surface and four more on the lower surf ace. Because 
the tailcones are essentially conical, it was possible to position the specimens aong radial 
lines and, with a slight amount of shimming, ensure that they lay flat (unstressed) during 
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Interic 

Exterior (tailcone) 

Figure 16. Flight Exposure Locations-Boeing 737 

taXne!'    ^ b°ltS ^ ^^ "UtplateS were used to attach the specimens to the 

IihHin^1COnew Sfcimens' and holding fixtures were assembled at Boeing and sent to the 
reÄÄi? lnst^on- This minimized the downtime and fnstallaSn time 
required of the airlines.  The two modified tailcones are shown in Figures 17 and 18. 

Figure 17. Tailcone With Shear and Flexure Specimen Fixtures Attached 
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Figure 18. Tailcone With ±45 Tension Specimens Attached 

The second area selected for specimen exposure was section kZ of the Boeing model 737 
fuselage. The location is aft of the pressure bulkhead and ahead of the auxiliary power 
unit firewall. The specimens feel the ambient temperature and relative humidity because 
of sizable openings through the side of body for the horizontal stabilizer. This region also 
provided the large geometry envelope necessary for stressed exposure testing. 

Short beam shear, flexure, and the graphite-epoxy compression specimens were grouped in 
the specimen-holding fixtures described in section 7.4 and attached to the fuselage 
stringers This waAccomplished by adopting a nylon stringer clamp normally used in 
production to attach wiring bundles. Figures 19 and 20 show a mockup of the finished 
installation. 

Figure 21 shows six tension specimens exposed on the interior of the aircraft. In this 
case, the nylon stringer clamps along with standard fasteners and phenolic washers were 
adequate, and no additional fixturing was required. 

Stressed tension fixtures were attached to the fuselage stringers. The Previously 
described nylon stringer clamp did not lend itself to this installation so a phenolic saddle 
was designed that would attach to the stringer without having to drill holes in the fixture 
tube.  Figure 22 shows the complete installation in mockup form. 
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Figure 21. Interior Aircraft Tension Specimen Fixture 

Figure 22. Interior Aircraft Stressed Tension Specimen Fixture 
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7.6 GROUND SPECIMEN DEPLOYMENT 

A rack was designed to expose specimens to both solar conditions (all aspects of ambient 
environment including direct sunlight) and nonsolar conditions (all aspects of ambient 
environment except direct sunlight).  Consideration was given to: 

Exposure area requirements for each retrieval station 
Maximum retrieval flexibility 
Shielding nonsolar specimens 
General simplicity for minimum cost 
Rack transportation and setup 

The resultant rack design consisted of an aluminum mainframe and 36 insert panels. Each 
insert panel or exposure station was designed to hold all of the specimens of one material 
system for one exposure time to either solar or nonsolar exposure. The area requirement 
for solar or nonsolar exposure for each material system for each withdrawal time is 
approximately 0.9m2 (1 ft2). 

The maximum possible number of retrieval stations per rack location is 72. This is based 
on a maximum of six materials, each retrieved a maximum of six withdrawal times, and 
each retrieval consisting of two stations (one solar and one nonsolar). A preliminary 
sizing showed that a 72-station rack would be unfeasible, but that a 36-station rack would 
be suitable. 

The 36 exposure stations are housed on a triangular frame nominally 2.7m (9 ft) long by 
0.6m (2 ft) high. The rack mainframe is primarily 6061 aluminum alloy with welded 
construction. This will provide the required stiffness for the lattice to which each 
exposure station will be attached. 

The exposure stations or insert panels consist of 2024-T3 aluminum sheets that are drilled 
to receive the appropriate specimens and painted. They are attached to the mainframe 
with four quarter-turn quick-release fasteners. One insert panel design, shown in Figure 
15, was used for exposure, and the design shown in Figure 2k was used for nonsolar 
exposure. 

Nonsolar specimens were shielded from direct UV impingement with a slab of phenolic 
honeycomb core as shown in Figure 25. This design provided adequate air circulation and 
allowed precipitation to drain down the individual cells and on the specimens. 

A completed rack is shown in Figure 26. The 18 solar exposure panels, complete with 
specimens, are shown on the front side. The honeycomb sunshield that protects the 
nonsolar specimens from direct exposure to the sun is visible on the back side. 

7.7 LONG-TERM SPECIMEN TRACKING AND LOAD MAPS 

Because it was impossible to maintain the identification tags on individual specimens, it 
was decided to track exposure history by the specimen-holding fixture. Each of the 
titanium fixtures, tailcones, and ground rack insert panels described in section 4 contains 
a permanent steel, stamped identification number. A series of load maps was prepared 
that identified specific specimens for each holding fixture. An example is shown in Figure 
27. Once the test specimens are located in a fixture, the paper labels that had 
accompanied each specimen to that point are removed. When the fixture is returned 
following the desired exposure duration, individual specimens will be reidentified prior to 
disassembling the fixture.  This will be done with a new set of labels or in ink. 

36 



Figure 23. Solar Ground Exposure Insert Panel 
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Figure 24. Nonsolar Ground Exposure Insert Panel 
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Figure 26. Ground Exposure Rack 

Honeycomb core 

Release 
fastener 

Rack frame 

Nonsolar specimen 

station 

Figure 25. Honeycomb Sunshade Concept 
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8.0 ACCELERATED LAB EXPOSURE 

8.1 BASELINE AND EFFECT OF TEMPERATURE 

To establish basic specimen mechanical properties of the five contract materials, baseline 
and effect-of-temperature testing was performed. Specim ens included.short Ibeam shear, 
flexure, 0-, 90-, and n45-deg tension, quasi-isotropic tension, 0- and 90-deg compression, 
and quasi-isotropic compression. Five replicate specimens of each configuration were 
tested at each of the three test temperatures. Table 2 gives a complete breakdown ol 
specimens and testing used for baseline and effect of temperature. The specimens were 
tested at room temperature, 49°C (120°F), and 82°C (180°F). This testing provides a 
comparison of specimen strength values with all other testing and an indication of 
temperature effects on strength and modulus. 

Table 2. Test Plan for Baseline Material Characterization and Effect of Test Temperature 

< 
cc 
LU 

SPECIMEN CONFIGURATION AND 
PLY ORIENTATION 

TEST TEMPERATURE 
AND REPLICATION 

PROPERTIES 

3
T

O
T

A
L

 
C

IM
E

N
S

 

SHORT 

< BEAM FLEXURE TENSION COMPRESSION ROOM 49°C 82°C ULT u/e M D   Q. 

SHEAR (120°F) (180°F) CO  CO 

5208 [0]20 
5 5 5 - # 15 

15 
15 

[02/±45/902]s 

[0]8 

5 
5 

5 
5 

5 
5 - - - 

[^5]2s 5 5 5 — _ 15 
15 
15 
15 

[90]20 5 5 5 

[±45/0/90 ]s 
5 5 5 

[o]2o 5 5 5 

[±45/0/90 ]3s 5 5 5 15 
15 

[90]20 
5 5 5 

~ 

5209 Repeat 5208 matrix                                                                                                       
135 

934 Repeat 5208 matrix 135 

Total 405 

Note: 
49/F161-188 material system treated the same as 5208. 
AS-1/3501-6 material system treated the same as 5209. 

Before testing, all specimens were stored in a drum containing desiccant that provided a 
dry environment at room temperature. It was determined during The Effect of Moisture 
program described in sections 8.3 and 10.3 that the actual relative humidity in the storage 
drum was between 25 and 30%. 

8.2 EFFECT OF TIME ALONE 

A control group of specimens was carefully stored to evaluate the effects of time on the 
material systems. Long-term postcure effects will also be evaluated on these specimens. 
Postcure effects have been observed in both structural adhesives and resin matrix 
materials exposed to mildly elevated temperatures for relatively short periods of time. It 
is not known if the contract materials will show this effect when exposed to room 
temperature for longer periods of time. Time-alone specimens are limited to short beam 
shear and flexure configurations. 
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Figure 28. Time Alone Exposure Containers 

Prior to deployment, the specimens were stored in a desiccated 55-gal drum. For time- 
alone exposure, the specimens were sealed in small desiccated jars shown in Figure 28 and 
stored at room temperature. The desiccant changes color when a certain level of 
moisture has been absorbed and therefore, can be changed as needed. Because the jars 
have a higher desiccant-to-volume ratio than the storage drum, they are considered to be 
a drier environment. It is expected that weight measurements made before and after 
exposure will reveal a weight loss due to moisture desorption. Exposure durations extend 
1, 3, and 10 years. Overall specimen weight change is measured immediately before 
testing. Half the specimens are tested for residual strength at room temperature and the 
other half at 82 C (180 F).  Table 3 gives a breakdown of the specimens. 

8.3 EFFECT OF MOISTURE AND EFFECT OF TIME AND STRESS ON WET SPECIMENS 

The Task III laboratory exposure programs contain two test plans specifically oriented 
toward the effects of moisture. The initial plan, The Effect of Moisture, examines the 
short-term reversible effect of moisture absorption on graphite-epoxy laminates. Test 
specimens are exposed to 49 C (120°F) and four different relative humidity conditions: 
40, 60, 75, and 95%. Tables 4 and 5 give complete breakdowns of the specimens and 
exposure conditions. The specimens are exposed until an equilibrium moisture level is 
achieved. They then are tested statically at both room temperature and the 82°C (180°F) 
elevated temperature. Instrumentation used on this program is similar to that used on the 
baseline program. This program will show how various laminates react in the presence of 
absorbed moisture. It is expected that some plasticization will occur and this will result 
in strength and stiffness alterations. 
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Table 3. Test Plan for Effect of Time Alone 

*Head travel load deflection. 

Note: 
49/F161-188 material system treated the same as 5208. 
AS-1/3501-6 material system treated the same as 5209. 

SPECIMEN RESIDUAL TEST _i 00 

< 

LU 
h- 
< 
2 

EXPOSURE DUF tATION 
|<10% 

CONFIGURATION AND 
PLY ORIENTATION 

TEMPERATURE 
AND REPLICATION PROPERTIES 

< 
1- 
O 
h- 
m 
D 

LU 

o 
LU 
0. 

AT21°C(70°F), 
RtLAI IVt MUIVIIUI I i, 

yr SHORT 
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FLEXURE ROOM 

82°C 
(180°F) ULT °/e 

1 3 10 

5208 
5208 
5209 
5209 
934 
934 

- 

- 

- 
[0]20 

[o]2o 

[0]20 

[02/±45/902]s 

[02/±45/902]s 

[02/±45/902]s 

5 
5 
5 
5 
5 
5 

5 
5 
5 
5 
5 
5 

I  
  

I  
  

I  
  

I  
  

I  
  

I 

I  
 I 

  
I  

 I 
  

I  
 I 

*
*
*
*
*
*

 

30 
30 
30 
30 
30 
30 

I !  Total 180 

Table 4. Test Plan for Effect of Moisture 

lf> Head travel load deflection. 
Specimens are dried prior to residual temperature test. 
Specimens remain until equilibrium moisture content is achieved. 
Control weight specimen will be used in test chamber to identify 
dryout during stabilization at elevated temperature. 

49/F161-188 material system treated the same as 5208. 
AS-1/3501-6 material system treated the same as 5209. 

 ~—r SPECIMEN CONFIGURATION RESIDUAL TEST 

_l 
< 

EXPOSURE 
ENVIRONMENT 

AND PLY ORIENTATION TEMPERATURE 
AND PROPERTIES 

_j w 

<m z 
o 

CC AT 49°C (120°F), < REPLICATION OS 
LU 
I- < 
5 

RELATIVE HUMIDITY, LU 
CD 

1- CC 
CC  < 
O  LU 
X X 
CO  CO 

LU 
cc 
D 
X 
LU 
_1 
LL 

z 
o 
CO 
z 
LU 
H 

CO 
LU 
CC 
a. 
5 
O 
o 

H O 
CD uj 
3 o. 
CO CO 

ROOM 82° C 
(180°F)g> ULT <7/e " 

40 60 75 95 

5208 - - - 
- 

[0]20 
[02/±45/902]s 

[0]8 

5 
5 
5 

5 
5 
5 

- 
-e> 40 

40 
40 

[±45]2s 5 5 - - - 40 

- - - - [90]20 
[o]20 

5 
5 

5 
5 

— : 
40 
40 

— — _ [±45/0/90 ]s 5 5 _ — — 40 
— ~" [90]20 5 5 _ — - 40 

_ [0]20 3   §> - -ii> 12 

5209 - - - - [o]2o 
[02/±45/902]s 

[o]20 

5 
5 
5 

5 
5 
5 

- 
-ip 40 

40 
40 

: z [0]20 3   P - -B> 12 

934 Repeat 5209 matrix  
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Total 596 
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Table 5. Test Plan for Effect of Time and Stress on Wet Specimens 
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X 
LU 
_J 
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LU CO 
DC H 

CO CO 
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(180°F) 

ULT CREEP 60 95 9 mo 2 yr 

5208 - - - - [o]?n 5 5 40 
— - - - [02/±45/902]s 5 5 _ 40 
— — — — l±45|9c 5 5 — 40 
— — — — l±45j2s 5 5 _   40 
— — — [OJ20 3* - 6 

5209 - - - - [o]2o 5 5 — 40 _ — — — [02/±45/902]s 5 5 - 40 

-     1     - -      1 IUJ20 3* - 6 

934 Repeat 5209 matrix 86 
*Specimf ins are c ried pri or to res dual test. Total 338 

49/F161-188 material system treated the same as 5208. 
AS-1/3501-6 material system treated the same as 5209. 

The second test plan is The Effect of Time and Stress on Wet Specimens. Specimens that 
have been conditioned to 49°C (120°F)/60% relative humidity and 49°C (120°F)/95% 
relative humidity will be held at temperature for up to two years prior to residual test. A 
complete description of the specimen configurations is given in Table 5. Unlike the initial 
moisture program, this study will determine whether or not moisture in a graphite-epoxy 
laminate can, given sufficient time, cause irreversible degradation. Short beam shear, 
flexure, tension, and stressed tension specimens are tested. 

Test specimens for both programs are preconditioned in desiccators containing a 
glycerin/water solution. Preparation of the solution is done in accordance with ASTM 
specification E104-52, method A. Its ability to provide a selected relative humidity has 
been verified in the Boeing Scientific Research Center. Initially, two instruments were 
used for verification: a Panametrics model 2000 hydrometer that converts a dew point 
measurement to relative humidity and a Honeywell model 611 that measures the 
percentage of relative humidity (RH) directly. 

The humidity chambers consisted of two Pyrex desiccators with glycerin/water solutions 
formulated to achieve 59% RH and 74% RH at room temperature. These solutions 
convert to nominal 60 and 75% values when elevated to the 49°C (120°F) exposure 
temperature. The Panametrics instrument is highly accurate at low relative humidities 
but is less reliable at the high humidities involved with these desiccators. Results from 
the Honeywell instrument are used to verify the glycerin/water solutions. The desired 
!w)dl!ies can be achieved with an accuracy of ±2%. A final check is made in the 49°C 
Ü20 F) environment using a Rustrak strip chart recorder. Figure 29 shows one of the 
desiccators undergoing checkout with the strip chart recorder. 
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8.* WEATHEROMETER 

The weatherometer is an environmental exposure chamber consisting of continuous UV 
rhST an

+h allntermittent ^ter sP™y- Figure 30 shows the inside of the exposure 
chamber with the specimens held vertically around the perimeter. It is an effective 
simulation of the degrading effects of sunlight coupled with the erosive effects of surface 
water such as rain.   In addition, there is the effect of the water washing away the UV- 

rlZt T°wUCtS ,°f V* S,UrfaCe resin' thereby Providing a fresh ^ surface and continuing the degrading/eroding process. Only flexure specimens and paint evaluation 
specimens are involved.  Table 6 gives a breakdown of specimens and test specifications 

Table 6. Test Plan to Evaluate Effect of Weatherometer Cycles 
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1- 
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LU 
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■ CO 
0. 

_J w 
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O 2 
i- Ö 
DO LU 

w in 
6 12 24 FLEXURE ROOM 82°C (180°F) ULT 

5208 
— 

— [02/±45/902]s 

[02/±45/902]s 

5 5 
3* 

- 60 
6 

5209 
— — — — 

— 
[02/±45/902]s 

[02/±45/902]s 

5 

3* 
- 30 

6 
934 Repeat 5209 matrix 

36 
*Specime n is dri ed pria r to re ;idual t emper; sture test. Total 138 

49/F161-188 material system treated the same as 5208. 
AS-1/3501-6 material system treated the same as 5209. 

Half of the flexure specimens remain unpainted, and the other half are painted with the 
standard finish used on this contract and described in section 6.3. The paint evaluation 
specimens are 6.35 x 11.43 cm (2.5 x 4.5 in) coupons made of 0.51 mm (0.020 in) titanium 
that also is painted with the standard finish. The painted specimens are intended to 
determine the protective effectiveness of paint. The paint is not considered a barrier to 
moisture, but it may be effective protection against UV degradation. Stainless steel 
fixtures, Figure 31, were designed to hold 20 flexure specimens and one paint evaluation 
specimen each. The fixtures provide for two-sided moisture access, but only one surface 
is exposed to UV radiation. Each 2-hour exposure cycle specifically consists of continuous 
carbon-arc lamp irradiation with an 18-min water spray. 

Specimens of T300/5208 are divided between testing at room temperature and at 82°C 
(180 F). Specimens of T300/5209, and T300/934 are all tested at 82°C (180°F) only. 
Weight change, residual strength, and glass transition temperature data are beine 
collected. 6 

8.5 WEBBER CHAMBER-GROUND-AIR-GROUND 

The Webber chamber is an environmental exposure device for simulating the conditions of 
a standard commercial aircraft flight cycle operating from a hot, moist, tropical climate. 
Figure 32 shows the Webber chamber with specimens in the exposure compartment. 
Specifically, cycles are 1-hour long and consist of k phases as presented in Figure 33.  The 
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Figure 30. Interior of Weatherometer Exposure Chamber 
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Figure 31. Weatherometer Specimen Holders 
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Figure 32. Webber Chamber for Ground-Air-Ground Exposure 
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Figure 33. Webber Chamber and Ground-Air-Ground Cycle Detail 
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first phase is 10 minutes long with constant conditions of 49°C (120°F), condensing 
relative humidity, and standard atmospheric pressure simulating a hot runway condition. 
The second phase is a 25-minute steady transition from the first phase to the third phase 
and simulates aircraft takeoff and climb to cruise altitude. The third phase is a 10- 
minute simulation of aircraft at cruise altitude with conditions of -54°C (-65°F) 0% 
relative humidity, and 12,000m (40,000 ft) altitude pressure. The fourth phase is a 15- 
minute transition from phase 3 back to the conditions of phase 1 completing the cycle. 

Test specimens involved include short beam shear, flexure, +45-deg tension, and pre- 
stressed ±45-deg tension. Painted titanium coupons are included to assess the paint film's 
ability to withstand freeze-thaw cycles. Microcrack analysis is performed on selected 
specimens after exposure durations of 1, 2, and 3 months. Residual strength measure- 
ments are made after exposure durations of 6, 12, and 24 months. Weight change 
measurements were performed on selected specimens at finer exposure intervals. Table 7 
gives a complete description of the specimens involved and the exposures. 

Table 7. Test Plan for the Effect of Simulated Ground-Air-Ground Cycles 
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ns are < dried p rior to residue I temp erature test. Total 498 

48/F161-188 material system treated the same as 5208. 
AS-1/3501-6 material system treated the same as 5209. 
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9.0 LONG-TERM RESULTS 

9.1 EXPOSURE HISTORY AND STATUS 

The status of all deployed specimens is shown in Table 8 for flight exposure and Table 9 
for ground exposure. The dates represent when specimens were actually removed from 
exposure or when they were projected for removal. The designated specimen group was 
removed from the airplane or ground rack on the approximate given date and returned to 
Seattle for postexposure evaluation. 

9.2 STRENGTH TEST RESULTS 

Individual specimen test data and results from long-term environmental exposure were 
reported as they became available in the contract quarterly reports. Results from testing 
through January, 1981 can be found in References 13 and It. The results include both 
residual strength as a percent of baseline strength and specimen weight change during 
exposure. Positive weight changes are gains, and negative weight changes are losses. All 
results through July, 1981 have been included in Appendix A. 

The results are presented in the following figures. Several of the figures present the 
range of strength measurements for each of the materials with all the exposure 
locations-ground and flight, solar, nonsolar, and interior. It should be noted that these 
results are not from all exposure locations. The 1-year results are from Honolulu, 
Wellington, and Dryden. The 2-year results are from Honolulu and Dryden only. Other 
figures are presented showing individual exposure cases for the locations with 2-year data 
available. 

Table 8. End Dates (Actual or Projected) for Flight Specimen Exposure 

Nominal 
exposure, yr 

1 2 3 5 7 10 

Aloha 
Airlines 

3-14-80* 3-27-81* 3-14-83 3-27-88 3-27-88 2-16-89 

Air 
New Zealand 

11-25-80* 10-30-81 11-25-83 11-25-88 9-15-88 7-2-89 

Southwest 
Airlines 

6-21-81 2-27-82 6-21-84 6-14-89 2-27-89 6-22-90 

*This report contains data for these exposures. 

Nominal 
exposure, yr 

1 2 3 5 7 10 

NASA-Dryden 2-11-80* 10-14-80* 10-30-81 10-30-83 10-30-85 10-30-88 

Honolulu 3-13-80* 2-19-81* 2-9-82 2-9-84 2-9-86 2-9-89 

Wellington 11-24-80* 7-4-81 7-4-82 7-4-84 7-4-86 7-4-89 

Dallas 6-21-81 4-18-82 4-18-83 4-18-85 4-18-87 4-18-90 

*This report contains data for these exposures. 
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Short Beam Shear—The overall room temperature short beam shear test results are given 
in Figure 34. Strength reductions in general did not drop below 80% of baseline. The 
T300/5208 tends to be more resistant to degradation but has wider scatter. One short 
beam shear strength value for T300/5208 2-year exposure is below 60% of baseline and 
inflates the range of the values. The value represents an average of three tests that were 
grouped closely together. There are no readily apparent explanations for this anomaly, 
but further investigations are being made. 

The test results for specimens tested at 82°C (180°F) are shown plotted in Figure 35. 
Strengths show more decrease than for the room temperature tests. Again, the T300/5208 
had the least percentage drop in residual strength of three materials but the widest 
scatter among locations. 

To illustrate possible differences between the exposure locations, individual strength 
results are plotted in several of the following figures. Each point represents three 
specimen tests. Only exposure locations for which 2-year data are available have been 
included—Dryden, Honolulu, and Aloha Airlines. Figure 36 shows these results for room 
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Figure 34. Short Beam Shear—Room Temperature 
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temperature tested short beam shear. Except for T300/5208, the data are grouped 
c3y. The shear strengths for Dryden specimens are higher than those from Honolulu 
and Aloha Airlines. This^would be expected since Hawaii has a wetter environment than 
Dryden and, therefore, Hawaii specimens would have a higher moisture content. It is 
generally believed that moisture content is inversely related to shear strength as 
demonstrated in section 10.3. 

Assuming that dryout weight measurements of rider specimens are good estimates of 
mSTure content in similarly exposed specimens, the specimens from the Hawaii locations 
oCin fact contain substantially more moisture than the Dryden specimens (Appendix A, 
Tables A-6 through A-19). 

Fieure 37 shows individual results for the short beam shear tests performed at.82 C 
(180SF). The separation among the different exposure locations is more pronounced than 
for the room temperature test results. 
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■D 

0) 
0C 
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Figure 35. Short Beam Shear-82°C (180° F) 
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Three exposure conditions, Dryden (ground), Honolulu (ground), and Aloha Airlines (flight), 
begin to reveal group differences after 2 years of exposure. The Dryden specimens again 
show the most strength, followed by the Honolulu specimens, with the specimens from 
Aloha Airlines showing the least strength. No apparent shear strength difference is 
demonstrated betwen solar and nonsolar exposure. The Aloha flight interior shear 
strength for T300/5208, however, was 11% below the solar and nonsolar cases. The 
possible significance of this point will be discussed with the flexure specimen results. 

Flexure-The overall room temperature flexure test results are shown in Figure 38. These 
strengths are grouped around 100% of baseline strength, and they have less scatter than 
the short beam shear strengths. 

The 82°C (180°F) flexure test results are shown in Figure 39 and reveal more scatter than 
for the room temperature case. The T300/5208 and T300/934 strengths remain grouped 
around 100% of baseline strength, but some of the T300/5209 strengths dropped to 71%. 
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0.0 1.0 2.0 3.0 

Nominal exposure time, yr 

4.0 5.0 

Figure 38. Flexure-Room Temperature 
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Figure 39. Flexure-82°C (180° F) 

Figure 40 shows the individual exposure location results for room temperature flexure 
tests for 2 years. All the results are closely grouped around 100% of baseline strength. 
No other trends are readily evident. 

Figure 41 shows the individual exposure location results for the flexure tests performed at 
82 C (180 F). The elevated temperature tests reveal differences in the locations better 
than the room temperature tests, and several definite trends are evident. The flexure 
specimens exposed at Dryden are, like the short beam shear specimens, stronger than the 
specimens exposed at Honolulu and on Aloha Airlines. There is a trend for the specimens 
exposed on the ground at Honolulu to be stronger than the specimens exposed on the 
airplanes. The nonsolar specimens tend to be stronger than the specimens exposed to 
solar radiation for ground exposure at Honolulu, Aloha Airlines, and Dryden. This is not 
the case for flight-exposed specimens. 

Figure 41 shows an abrupt drop in the strength of the flight interior flexure specimens 
with 2 years of exposure for all three materials. The flight interior short beam shear 
strength for T300/5208 also was low after 2-years' exposure.  Upon return to Boeing, these 
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2-year specimens appeared to have been sprayed with hydraulic fluid. The sensitivity of 
the flexure specimen to surface effects is a possible explanation for its apparent 
sensitivity to solar effects and surface hydraulic fluid. The flexure specimens also may be 
sensitive to moisture content since the Dryden specimens were consistently stronger than 
the specimens from Honolulu and Aloha Airlines. 

±*5-deg Tension-The overall room temperature tension test results are presented in 
Figure Wl. All strengths are above 100% of baseline. Figure 43 shows the overall strength 
results for specimens tested at 82°C (180°F). As with shear and flexure strengths, the 
testing done at an elevated temperature produces more strength decrease than testing 
done at room temperature; most were above 100% of baseline. The T300/5209, however 
showed a drop in strength after both 1- and 2-year exposure. 
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Figure 42. ±45-deg Tension-Room Temperature 
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Figure 43. ±45-deg Tension-82°C (180°F) 

Short Beam Shear Dryout-The strength degrading effects of moisture on short beam shear 
strength is demonstrated by comparing the strengths before and after ftyout. Figure ** 
shows 1- and 2-year strength data of dried-out short beam shear specimens. A 
comparison of Figure W with Figure 37 shows that dried-out specimen shear strengths are 
generally higher than undried (moist) specimen shear strengths. 

Stressed Tension-The ±45-deg tension specimens exposed in a stressed state were tested 
af8?0C (180°F). When the strength results shown in Figure W are compared with the 
unstressed tens on strength results in Figure 43, the same trends are apparent. The 
streng hs o! T3M/5208 and T300/934 are above 100% of baseline, and the strength o 
T3oS/85209 is below 100% of baseline. As yet there are no apparent significant differences 
between the unstressed and stressed tension cases. 

Compression-Problems with the gripping tabs on some compression specimens have 
limited the amount of useful data for long-term exposure compression strength. Gripping 
tabs have slipped on some of the specimens tested at high temperature. These specimens 
wUl be retabbed, and the results will be analyzed and reported when the tests have been 
successfully completed. 
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Figure 45. ±45-deg Tension, Stressed-82° C (180 F) 
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10.0 LABORATORY TEST RESULTS 

10.1 BASELINE 

Short Beam Shear-Baseline short beam shear testing was completed on T300/5208, 
T300/5209, and T300/934 at three different test temperatures. Five replicate specimens 
were tested at room temperature, 49°C (120°F), and 82°C (180°F) for each material 
system. Testing was performed in a Tinius-Olson 12-kip mechanical testing machine. 
Load deflection curves were recorded for the majority of the specimens using a D-2 
Deflectometer. An American Instrument Company oven was used for all elevated 
temperature testing. 

Individual specimen short beam shear test data are shown in Appendix B, Table B-l. 
Summary short beam shear strengths, as a function of test temperature, are shown in 
Figure 46. Each point shows the high, low, and average values for the group of five 
specimens. As expected, the Narmco T300/5208 and the Fiberite T300/934 systems show 
similar behavior while the Narmco T300/5209 [ 121°C (250 F)J cure system shows 
somewhat lower strengths at all temperatures. 
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Figure 46. Baseline Short Beam Shear Strength Results 
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Flexure-Baseline flexure testing was performed in the same equipment used for short 
beam shear testing. Tabulated test data are shown in Appendix B, Table B-2. Summary 
flexure strength data, as a function of test temperature, are shown in Figure 47. In this 
case, strengths are reported as extreme fiber stresses. These are obtained using a 
laminated plate bending theory.  For the layup considered, 

[o2/±45/902]    the bending stiffness, DH, is 

D 11 
2 
3 1-V      V 

xyo  yxo {(tf-d)3} 
+ E*±« ^vfe5{(!)3-(!)3} 

'X9°    '-Vxy90V90 ay 
where t is specimen thickness, Ex are extensional moduli for the 0-, +45-, and 90-deg 
directions, and Vxy are Poisson's ratios for the 0-, ±45-, and 90-deg directions. 
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Figure 47. Baseline Flexure Strength Results 
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The maximum fiber stresses, ax, are 
formula 

Pit E 
a 

computed assuming three point bending with the 

xo 
X = 8"DlTw (1-Vxyo  yxo )  yxo) 

where P is the ultimate load, 1 is the span, and w is the specimen width. 

These computations do not consider nonlinear, ^^^^^X^°^xT^ aho 
time. Edge effects and stress concentrations in the vicinity of the load points are also 
neglected? The values for the moduli and Poisson's ratios are given in Table 10. 

MATERIAL LAYUP MPa (bl/in2) 1/1-VxyVyX 

5208 
0 
±45 
90 

1.31 x 105   (1.90 x107) 
1.12 x 104    (1.63 x 106) 
1.65x104   (1.69 x106) 

1.005 
3.090 
1.005 

5209 
0 
±45 
90 

1.41 x105   (2.05 x 107) 
1.12x104   (1.63x106)-. 
1.55x104   (2.25x106) IP 

1.005 
3.090 
1.005 

934 
0 
±45 
90 

1.29 x 105   (1.87x10?) 
1.25x104    (1.81 x106) 
1.68x104    (2.44 x106) 

1.005 
3.090 
1.005 

Note: 

Values obtained from deflectometer room temperature data. 

Averages from design guide. 

Average of materials 5208 and 934. 

Tension-Baseline tension testing was performed in an Ijtron model TTD-21W tet 
machine. Individual specimen test data are shown in Appendix B, Tab e B-3. ^«mmary 
of the strength results as a function of temperature is &ven/"/^e

(S"0o^n7f^ 

eS with straTnTages rather than with an extensometer. One unexpected aspect of the 
result! revealed in Fieure *8 is that T300/5209 has substantially higher strength across the 
emperatuSGrange thin has either T300/5208 or T300/93*. If the T300/5209 strengths are 
abSally highf this would explain the apparently low residual strengths reported for 
tension specimens in section 9.2. 

Compression-Most of the baseline compression testing was performed in a Cdanese 
compression fixture, although several room temperature te^we«^^ -»™ 
compression fixture during the comparison testing described in Reference 1 • L°admg 
was performed in a Tinius-Olson 12-kip mechanical testing machine. Load/cross head 
deflection curves were plotted for all tests. 

Individual specimen test data are shown in Appendix B, Tables B-4, B-5 and B-6 A 
summary of the 0-deg compression strengths for all three materials is shown in Figure *9. 
Thinly notable aspects of these results are the somewhat low-strength values measued 
for T300/5208 and T300/5209 tested at 82°C (180ÖF). average values for all baseline 
strength and glass transition temperature measurements appear in Tables 11, U, and u. 

65 



-a 
in 

190 

170- 

150 

130 

Test temperature, °C (°F) 

Figure 48. Baseline ±45-deg Tension Strength Results 
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Table 11. T300/5208 Baseline and Effect of Temperature Results 

SPECIMEN 
STRENGTH, MPa (ksi) 

fiOOM TEMPERATURE 49°C(120°F) 82°C (180°F) 

O-deg short beam shear 108.2      (15.70) 99.5 (14.44) 85.0 (12.33) 
Flexure 1679.0    (243.63) 1649.0 (239.17) 1559.0 (226.16) 
±45-deg tension 158.4      (22.98) 147.7 (21.43) 134.2 (19.46) 
0-deg compression 1706.0    (247.44) 1561.6 (226.49) 1199.7 (174.01) 
0-deg tension 1448.0    (210.02) 1543.8 (223.91) 
Quasi-isotropic tension 335.6    ' (48.68) 324.6 (47.09) 340.4 (49.39) 
90-deg compression 197.4      (28.63) 204.9 (29.73) 186.4 (27.04) 
Quasi-isotropic 

compression 1048.S    (152.14) 919.5 (133.37) 867.6 (125.84) 
Tg,°C(°F) 214 (417) 

Table 12. T300/5209 Baseline and Effect of Temperature Results 

SPECIMEN 
STRENGTH, MPa (ksi) 

ROOM TEMPERATURE 49°C(120°F) 82°C (180°F) 

0-deg short beam shear 91.1 (13.22) 80.9 (11.74) 63.5 (9.22) 
Flexure 1699.0 (246.48) 1606.0 (232.97) 1443.0 (209.30) 
±45-deg tension 173.2 (25.10) 180.7 (26.21) 178.1 (25.83) 
0-deg compression 1657.0 (240.35) 1551.8 (225.07) 1206.0 (174.94) 
0-deg tension 1723.0 (249.94) 1543.8 (223.91) 
Quasi-isotropic tension 354.7 (51.45) 330.3 (47.91) 344.3 (49.93) 
90-deg compression 209.6 (30.40) 179.6 (26.05) 158.5 (23.00) 
Quasi-isotrpoic 

compression 573.5 (83.19) 538.8 (78.16) 475.5 (68.97) 

Tg, °C <°F) 128 (262) 

Table 13. T300/934 Baseline and Effect of Temperature Results 

SPECIMEN 
STRENGTH, MPa (ksi) 

ROOM TEMPERATURE 49°C(120°F) 82°C(180°F) 

0-deg short beam shear 
Flexure 
±45-deg tension 
0-deg compression 
Quasi-isotropic tension 
90-deg compression 
Quasi-isotropic 

compression 

106.1 
1770.0 
160.2 

1738.0 
386.8 
190.8 

900.2 

(15.39) 
(256.78) 
(23.23) 

(252.08) 
(56.11) 
(27.68) 

(130.56) 

99.1 
1730.0 
152.3 

1624.4 
371.3 
193.1 

856.4 

(14.38) 
(250.94) 
(22.09) 

(235.60) 
(53.86) 
(28.01) 

(124.22) 

86.2 
1626.0 
158.9 

1554.0 
324.9 
173.5 

816.4 

(12.51) 
(235.85) 
(23.06) 

(225.42) 
(47.13) 
(25.17) 

(118.41) 

Tg, °C (°F) 205 (401) 
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10.2 EFFECT OF TIME ALONE 

To date, specimens have been tested after nominal 1-year and 2-year time exposure. The 
short beam shear and flexure individual specimen data appear in Appendix B, Tables B-7 
through B-10. Residual strength results for 1 year are presented in Table 1*, and for l 
years, in Table 15. Most of the residual strengths do not fall below 92% of baseline. The 
only configuration to fall below this level was the 2-year T300/934 short beam shear 
tested at 82°C (180°F) that dropped to 87.3% of baseline strength. The scatter of the 
individual specimen test data for this configuration was not large (Cy = 0.048). This 
specimen group lost a greater percentage of weight during time alone than was lost by any 
of the other groups. 

Glass transition temperature (T«) measurements were made after 1 year of time alone 
exposure, only. Changes from baseline values were within 2%, so no Tg measurements 
were made at 2 years. 

Specimen weight change measurements were made for all specimens before exposure and 
after completion of exposure. All specimen groups lost weight during exposure. The 
weight loss can be attributed to moisture desorption. Results are given in Tables 1* and 
15 and in Figure 50. The T300/5208 flexure and the T300/5209 short beam shear 1-year 
specimens experienced more weight loss than the respective 2-year specimens. The other 
specimen configurations experienced equal or greater weight loss from 1-year to 2-year 
exposure. 

10.3 EFFECT OF MOISTURE AND EFFECTS OF TIME AND STRESS ON WET SPECIMENS 

Moisture gain data was tracked through 121 days of exposure using individual specimen 
weighings. Normalized weight change data of specimens exposed to 95% RH at 49 C 
(12(TF) are shown in Figure 51. The data represents three individual flexure specimens 
from each of the three material systems. Generally, the data follow predictable moisture 
diffusion trends.   The T300/5209 specimens behaved differently from both of the 177 C 

Table 14. 1-yr Time Alone Residual Strength* land Weight Change Results 

SPECIMEN 
ROOM 

TEMPERATURE 
82°C (180°F) 

WEIGHT 
CHANGE, % 

CLASS 
TRANSITION 

TEMPERATURE, 
°C(°F) 

Short beam shear 
5208        ° 
5209 
934 

93 
92 
97 

100 
101 
100 

-0.103 
-0.051 
-0.092 

Flexure 
5208 
5209 
934 

93 
100 
93 

100 
100 
100 

-0.176 
-0.078 
-0.165 

218  (425) 
125  (257) 
205  (401) 

* Residual strength data reported as a percentage of 
baseline strength at the respective temperature. Each 
data point represents five specimen tests. 
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Table 15. 2-yr Time Alone Residual* Strength and Weight Change Results 

SPECIMEN 
ROOM 

TEMPERATURE 
82°C(180°F) 

WEIGHT 
CHANGE, % 

Short beam shear 
5208 
5209 
934 

99.6 
93.6 
96.6 

96.2 
94.9 
87.3 

-0.103 
-0.026 
-0.248 

Flexure 
5208 
5209 
934 

96.5 
97.7 

103~.0 

97.7 
102.2 
98.6 

-0.141 
-0.093 
-0.222 

* Residual strength data reported as a percentage of 
baseline strength at the respective temperature. Each 
data point represents five specimen tests. 
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Figure 52. Normalized Weight Change for 75% Relative Humidity Exposure 

(350°F) curing systems. Initially, the 7300/5209 specimens absorbed moisture at a lower 
rate. After 121 days of exposure, however, they had absorbed more moisture than the 
other two systems and were still gaining. The T300/5208 and T300/934 specimens were 
still picking up moisture but at a much lower rate. 

Normalized weight changes for specimens exposed to 75% relative humidity are shown in 
Figure 52. Although there are no individual specimen anomalies, the entire set of data 
showed a dramatic desorption during the middle of the exposure period. An investigation 
indicated that either the lid on the 75% RH desiccator was not resealed properly following 
the weighing on the 55th day of exposure, or it was bumped during other activities around 
the desiccator. The air-circulating oven used to maintain the 49°C (120°F) exposure 
temperature then rapidly altered the makeup of the glycerin/water solution. As the water 
evaporated, the resultant solution became more biased towards the glycerin, thus 
producing a lower RH condition even after the lid was correctly sealed. Therefore, the 
old solution was discarded and replaced with new stock. As a precaution, the solutions for 
the other exposures also were replaced to maintain the assigned moisture levels. 

Weight change measurements for 60% RH are shown in Figure 53, and 40% RH, in Figure 
5k. Both of these sets of specimens reached equilibrium moisture content, and neither 
showed any significant anomalies. The 40% RH measurements show a slight decline after 
peaking at about 55 days of exposure. This may be due to a lesser degree of the same 
problem experienced with the 75% specimens. Individual materials are not shown on 
Figures 52 through 54 because the 95% exposure is the only condition where a clear 
difference can be observed. 
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Table 16 shows the observed moisture content in the specimens at the time of mechanical 
test. Figure 55 portrays the same data. All three material systems are shown, and with 
one exception, the data are relatively consistent at humidities below 75%. The figure also 
illustrates a 0% moisture content for specimens at approximately 25% humidity, indi- 
cating that this was representative of the original (dry drum storage) environment. 
Finally, the moisture contents at 95% or condensing humidity are higher than a linear 
extrapolation of the lower values would indicate. 

The test plans called for one set of specimens to be tested when an equilibrium weight 
gain was achieved. Two other sets were planned for testing following various times at 
equilibrium. Individual mechanical test data for the first set of specimens appear in 
Reference 12. Unlike time alone specimens, these tests showed significant strength 
changes. Residual strength results, as a percentage of baseline strengths, are presented in 
Table 17. 

All three material systems show a general decrease in short beam shear strength with 
increasing humidity exposure. As expected, the strength reductions are more pronounced 
at 82°C (180°F) than they are at room temperature. Again, the two 177 C (350 F) curing 
systems behaved similarly, while the 121°C (250°F) curing system reacted differently. 

Flexure strengths also changed because of humidity exposure but, as expected, the 
strength reductions were less severe with the more fiber-dominated specimen. At room 
temperature, some strengths actually increased. 

One could infer from Table 17 that a severe moisture problem could exist on any or alloof 
the material systems shown; however, a 95% or condensing humidity exposure at 49 C 
(120°F) is considerably more severe than real-world conditions. Although the test may be 
useful as an indicator, the absolute numbers achieved may not be realistic. A 75% 
humidity condition at 49°C (120°F) is considered the upper end of real-world environment. 

Table 16. Observed Percentage of Moisture Content 
A fter Humidity Conditioning 

Note: 
^Apparently erroneous value was disregarded. 

Z>Never weighed—reexposure in work. 

TYPE 
OF 

RELATIVE HUMIDITY 

SPECIMEN 40% 60% 75% 95% 

Short beam shear 0.24 1.10ß> 0.74 1.34 
0.28 0.57 0.81 1.32 

Flexure 0.21 0.58 0.82 1.44 
5208 AVG 0.24 0.57 0.79 1.37 

Short beam shear 0.30 0.50 0.78 :6> 0.33 0.63 0.92 
Flexure 
5209 AVG 

0.34 
0.32 

0.57 
0.57 

0.84 
0.85 

1.84 
1.84 

Short beam shear 0.25 0.56 0.85 1.59 
0.33 0.65 0.95 1.71 

Flexure 0.22 0.53 0.80 1.45 
934 AVG 0.27 0.58 0.87 1.58 
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Table 17. Summary of Residual Strength After Humidity Exposure 
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95 

94 
88 
88 
80 

95 
85 
81 
66 

93 
83 
84 

# 

86 
72 
68 
30 

96 
91 
89 
80 

90 
80 
75 
57 

Flexure 
strength 

- 

40 
60 
75 
95 

98 
99 
97 
94 

96 
92 
91 
84 

102 
105 
101 
86 

96 

88 
77 
41 

101 
100 
101 
94 

97 
j  91 
I 86 
'  76 
  

*Due to a testing error these specimens tested at 82°C (180°F); 
a replacement set is being conditioned. 

Note: 

Each data point represents five specimen tests. 
82°C (180°F) values ratioed against 82°C (180°F) dry baseline. 

Most airplane structure also is better represented by the flexure specimen than it is by 
the matrix-dominated short beam shear specimen. Finally, it should be noted that Boeing 
model 737 spoilers using the T300/5209 system have been performing well in actual 
service for over 6 years (ref. 4). The T300/5209 moisture weight gain data show a definite 
behavior change in the 95% exposure condition when compared with the other three 
humidity levels. For some humidities, the T300/5209 absorbs the same or possibly even 
less moisture than the 177°C (350°F) curing systems. The original plan called for the 
T300/5209 specimens to be tested at a moisture-equilibrium condition. They were, 
however, tested along with the other two systems when it appeared that this system was 
not reaching equilibrium in this exposure. 

10.* WEATHEROMETER TESTING 

During exposure in the weatherometer, the group of specimens designated for residual 
strength testing after 2-year exposure was tracked for weight change. The average 
results for the three materials for unpainted specimens are presented in Figure 56. The 
two 177°C (350°F) cure materials, T300/5208 and T300/934, lost weight from the outset 
of exposure, but the 121°C (250°F) cure T300/5209 experienced a slight increase before 
beginning to lose weight. There are two possible explanations for these behavioral 
differences. First, the recorded weights shown in these figures represent a total of 
absorbed moisture weight gain and degraded resin weight loss. It is possible that the 
T300/5209 system was absorbing significantly greater amounts of moisture that more than 
compensated for the resin weight loss. Second, both 177°C (350°F) curing systems use 
MY720 for their base resin. Earlier Boeing R&D work has shown that MY720 is 
particularly susceptible to UV degradation. The T300/5209 system does not use MY720 
and, therefore, may be less susceptible. 
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Figure 56. Weights of Unpainted Weatherometer Specimens 

The large weight decreases ultimately experienced by the unpainted weatherometer 
specimens are caused by surface matrix erosion as visible in Figure 57. This magnified 
view of the surfaces exposed to UV radiation shows the exposed graphite fibers on the 
right and the undegraded peel ply texture on the left. The undegraded portion was 
protected from UV radiation by the specimen-holding fixture. 

Apparently paint also helps protect the surface material from UV degradation and erosion. 
Figure 58 shows the percentage of weight change for painted specimens during exposure. 
Large weight decreases did not appear until 2000 weatherometer cycles when the 
specimens experienced a lower weight loss rate than the unpainted specimens 
experienced. The painted specimen weight loss rates have no appreciable difference with 
respect to material type. The amount of weight lost by those painted specimens might be 
attributed to chalking and erosion of the paint. 

Individual physical property measurements and residual failure loads for 6-month and 
1-year specimens appear in Appendix B, Tables B-l 1, and B-12. Residual strength testing 
was performed according to the test procedures outlined in section 6.6 for flexure testing. 
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Figure 58. Weights of Painted Weatherometer Specimens 

Residual strength and Te test results for 6-month exposure appear in Table 18, and for 
1-year exposure, in Tabli 19. The flexure strength results for the painted and unpainted 
specimens are plotted in Figure 59. There is no evidence of significant strength 
reductions, and most measured strengths were greater than baseline. The unpainted 
specimens were only marginally weaker than the painted specimens. 

10.5 GROUND-AIR-GROUND 

After 3200 GAG cycles in the Webber chamber, specimens of T300/5208, T300/5209, and 
T300/934 showed definite weight gains as illustrated in Figures 60, 61, and 62. The 
T300/5208 system absorbed the most moisture, and the T300/5209 system absorbed the 
least. All three systems gained weight, reached a plateau, then resumed the weight-gain 
process. This led to a concern that a freeze/thaw damage mechanism was gradually 
cracking the specimens. Several photomicrographs were taken of these specimens to look 
for possible cracks, but no macrocracking or microcracking was visible. Figure 63 shows 
one of these micrographs. 

79 



Table 18. Weatherometer 6-mo Nominal Exposure 

MATERIAL 

RESIDUAL FLEXURE 

THSl,* % 
GLASS TRANSITION 

STRENG TEMPERATURE, °C(°F) 

ROOM 
TEMPERATURE 

82°C(180°F) 6-mo CHANGE 
FROM BASELINE 

5208 Painted 
Unpainted 

112 
111 

116 
105 207    (405) -7   (-112) 

5209 Painted 
Unpainted 

- 93 
100 131    (268) +3   (+6) 

934 Painted 
Unpainted 

- 99 
95 193    (379) -12  (-22) 

1 Residual strength data reported as a percentage of baseline strength 
at the respective temperatures. Each data point represents five specimen tests. 

Table 19. Weatherometer 1-yr Nominal Exposure 

MATERIAL 

RESIDUAL 
FLEXURE1 STRENGTHS,* % 

GLASS TRANSITION 
TEMPERATURE, °C(°F) 

ROOM 
TEMPERATURE 

82°C(180°F) 1 yr 
CHANGE 

FROM BASELINE 

5208 Painted 
Unpainted 

89.9 
94.4 

115.5 
92.6 

203  (398) 
207  (405) 

-11   (-19) 
-7     (-12) 

5209 Painted 
Unpainted - 

117.3 
103.0 

116  (241) 
121   (250) 

-12  (-21) 
-7    (-12) 

934 Painted 
Unpainted 

- 108.7 
99.6 

195 (383) 
196 (384) 

-10  (-18) 
-9    (-17) 

* Residual strength data reported as a percentage of baseline strength 
at the respective temperatures. Each data point represents five specimen tests. 
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A second possible explanation for the gain-plateau-gain weight pattern concerns the 
exposure chamber itself. Chamber reliability has been poor. Periodic scheduled and 
unscheduled maintenance has caused several prolonged shutdowns. The exact environment 
experienced by the specimens during these shutdowns is uncertain because maintenance 
procedures have been far more extensive than originally anticipated. The continued 
practical availability of this chamber is currently being investigated. 

After 6 months of exposure, a set of flexure and a set of short beam shear specimens were 
removed from the chamber and tested for residual strength. The physical properties and 
test data for these specimens are given in Reference 13. 

Testing was performed according to the procedures outlined in section 6.6. The results 
appear in Table 20. Testing at 82°C (180°F) generally produced a greater strength loss 
than testing at room temperature with one exception, the flexure strength of T300/5208. 
The measured moisture contents of the GAG specimens ranged from 0.7 to 1.0%. Most of 
the observed strength reductions can be attributed to the presence of the moisture. 

Table 20. 6-mo Ground-Air-Ground Residua/ Strength * Results 

SPECIMEN 
TEST  TEMPERATURE 

ROOM TEMPERATURE 82°C(180°F) 

Short beam shear 

5208 
5209 
934 

88.4 
79.9 
86.1 

79.3 
61.7 
67.3 

Flexure 
5208 
5209 
934 

80.4 
83.1 
87.9 

83.4 
72.6 
79.9 

* Residual strength data reported as a percentage of 
baseline strength at the respective temperature. Each 
data point represents five specimen tests. 
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11.0 CONCLUSIONS 

The scope of this contract covers many environmental exposure conditions from real- 
world sites to controlled laboratory chambers. Many environmental factors including RH 
and moisture, temperature, UV radiation, and surface coating are being considered 
simultaneously. This complexity will require careful correlation of data. Much of the lab 
data and most of the long-term data are yet to be collected. Comments on test data 
obtained to date are: 

Long-term environmental exposure residual tests: 

• Exposed ±45-deg tensile specimens of T300/5208 and T300/934 generally experi- 
enced higher strengths than baseline. Tensile strengths for T300/5209 tested at 
82°C (180°F) were lower than baseline. The ±45-deg tensile baseline strengths for 
T300/5209, however, may have been high. 

• Two-year environmental exposure had a perceptible effect on flexure strength. 
Solar exposure and hydraulic fluid are apparently strength-degrading effects. 

• Strength losses in short beam shear specimens are apparently related to moisture 
content. Short beam shear specimens that were dried prior to test were generally 
stronger than undried (wet) specimens. 

For the laboratory exposure residual strength tests: 

• Flexure specimens from weatherometer, moisture, and to a lesser extent Webber 
chamber/GAG exposures, generally retained baseline strengths. 

• In some cases, short beam shear specimens exposed in moisture and Webber 
chambers had substantially less strength than baseline. The strength losses are 
apparently related to moisture content. 
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Table A-1. Summary of Results-Wellington, New Zealand, 1-yr Solar Specimens' 

PROPERTY 

SPECIMEN 
CONFIGURATION 

MATPRTAI SYSTFM 

5208 5209 934 

Room Temperature 
Residual 
Strength 
Data 
(% of Baseline)** 

SBS 
Flexure 
+45 Tension 

94.2 
102.8 
112.2 

87.9 
100.7 
118.5 

90.8 
104.7 
118.4 

Elevated 
Temperature 
Residual 
Strength 
Data 
{%  of Baseline)** 

SBS 
Flexure 
+45° Tension 
SBS Dryout 

81.8 
101.6 
118.7 
98.8 

67.0 
78.2 
88.1 
100.9 

74.6 
91.1 
109.5 
99.3 

Weight Change 
Data 
Percent Gain + 
Percent Loss - 

SBS 
Flexure 
+45° Tension 

.65 

.68 

.64 

.39 

.38 

.39 

.51 

.56 

.49 

Weight Loss 
During Dryout 

SBS Dryout+ 1.00 .50 .87 

+Dryout oven overhee it to 177°C (350°F), 2 Jays 

Notes: 

** 
These specimens exposed for 508 days. 
Residual strength data based on baseline tests at the respective 

temperatures. 
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Table A-2. Summary of Results—Wellington, New Zealand, 1-yr Nonsolar Specimens* 

PROPERTY 
SPECIMEN 
CONFIGURATION 

MAT 
5208 

:RIAL SYSTEM 
5209 934 

Room Temperature 
Residual 
Strength 
Data 
(% of Baseline)** 

SBS 
Flexure 
Compression 

86.6 
106.2 
94.6 

87.0 
98.9 
99.1 

87.8 
93.8 

100.4 

Elevated 
Temperature 
Residual 
Strength 
Data 
{%  of Baseline)** 

SBS 
Flexure 
Stressed Tension 
Compression 
SBS Dryout 

88.1 
96.8 

125.4 
73.0 

104.2 

++ 

69.9 
78.9 
87.0 
87.1 
97.6 

73.4 
92.5 

105.7 
85.6 
97.3 

Weight Change 
Data 
Percent Gain + 
Percent Loss - 

SBS 
Flexure 
Stressed Tension 

.60 

.61 

.57 

.43 

.40 

.42 

.67 

.56 

.61 

Weight Loss 
During Dryout 

SBS Dryout .92 .50 .84 

+Dryout oven overheat to 177°C (350°F), 2 days. 

++ 
Gripping tab slippage. 

Notes: 

* 
** 

These specimens exposed for 507 days. 
Residual strength data based on baseline tests at the respective 
temperatures. 
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Table A-3. Summary of Results-Air New Zealand, 1-yr Solar Specimens' 

PROPERTY 

Room Temperature 
Residual 
Strength 
Data 
{%  of Baseline)** 

Elevated 
Temperature 
Residual 
Strength 
Data 
{%  of Baseline] ** 

Weight Change 
Data 
Percent Gain + 
Percent Loss - 

Weight Loss 
During Dryout 

SPECIMEN 
CONFIGURATION 

SBS 
Flexure 

SBS 
Flexure 
+45 Tension 
SBS Dryout 

SBS 
Flexure 
Stressed 
+45° Tension 

SBS Dryout 

Notes: 

* 
** 

MATERIAL SYSTEM 
5208 

92.6 
104.2 

93.2 
96.8 
124.8 
103.4 

.58 

.65 

.15 

.83 

+Dryout oven overheat to 177°C (350°F), 2 days. 

5209 

87.4 
102.2 

73.1 
80.4 

99.7 

.54 

.36 

.57 

934 

90.6 
101.7 

77.7 
93.9 
117.3 
96.6 

.58 

.52 

.49 

.70 

These specimens exposed for 516 days, 2681 flight hours. 
Residual strength data based on baseline tests at the respective 
temperatures. 
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Table A-4. Summary of Results—Air New Zealand, 1-yr Nonsolar Specimens * 

PROPERTY 
SPECIMEN 
CONFIGURATION 

MATERIAL SYSTEM 
5208 5209 934 

Room Temperature 
Residual 
Strength 
Data 
(%  of Baseline)** 

SBS 
Flexure 

90.3 
105.7 

85.6 
104.7 

88.2 
98.8 

Elevated 
Temperature 
Residual 
Strength 
Data 
(„ of Baseline)** 

SBS 
Flexure 
+45 Tension 
SBS Dryout 

89.0 
103.4 
114.2 
78.4 

73.8 
99.7 

100.9 

75.9 
94.9 

112.6 
98.2 

Weight Change 
Data 
Percent Gain + 
Percent Loss - 

SBS 
Flexure 
+45 Tension 

.60 

.66 

.64 

.36 

.28 
.55 
.49 
.57 

Weight Loss 
During Dryout 

SBS Dryout+ .53 .60 .94 

Dryout oven overhea t to 177°C (350°F), 2 day s. 

Notes: 

These specimens exposed for 516 days, 2681 flight hours. 
Residual strength data based on baseline tests at the respective 
temperatures. 
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Table A-5. Summary of Results-Air New Zealand, 1-yr Interior Specimens' 

PROPERTY 

 —r 

SPECIMEN 
CONFIGURATION 

MATFRTAI SYSTEM 
5208 5209 934 

Room Temperature 
Residual 
Strength 
Data 
(% of Baseline)** 

SBS 
Flexure 
+45 Tension 
Compression 

95.5 
107.4 
118.9 
89.4 

102.8 
106.7 
120.5 
101.5 

94.7 
101.5 
123.4 
96.5 

Elevated 
Temperature 
Residual 
Strength 
Data 
(% of Baseline)** 

SBS 
Flexure 
+45 Tension 
Stressed Tension 

Compression 

76.1 
99.1 

102.6 
110.1 

79.2+ 

71.7 
96.4 
83.3 
87.4 

89.6 

77.9 
90.5 

113.7 
105.9 

78.1 

Weight Change 
Data 
Percent Gain + 
Percent Loss - 

SBS 
Flexure 
+45° Tension 
Stressed Tension 

.43 

.50 

.41 

.55 

.35 

.25 

.37 

.40 

.49 

.49 

.50 

.56 

+Gripping tab slippage. 

Notes: 

** 
These specimens exposed for 516 days, 2681 flight hours. 
Residual strength data based on baseline tests at the respective 
temperatures. 
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Table A-6. Summary of Results—Honolulu, Nominal 1-yr Solar Specimens* 

PROPERTY 

Room Temperature 
Residual 
Strength 
Data 
(% of Baseline)** 

SPECIMEN 
CONFIGURATION 

MATERIAL SYSTEM 
5208 

SBS 
Flexure 
+45 Tension 
SBS Dryout 

89.4 
102.7 
107.5 
95.5 

5209 

82.4 
101.7 
104.9 
117.0 

934 

87.0 
105.6 
103.5 
100.5 

Elevated 
Temperature 
Residual 
Strength 
Data 
(%  of Baseline; ** 

Weight Change 
Data 
Percent Gain + 
Percent Loss - 

Weight Loss 
During Dryout 

SBS 
Flexure 
+45° Tension 

87.5 
111.1 
98.2 

SBS 
Flexure 
Tension 

SBS Dryout 

0.270 
0.063 
0.045 

.98 

SBS Dryout specimens incorrectly tested at R.T. 

Notes: 

These specimens exposed for 398 days. 

74.6 
89.4 
80.8 

-0.028 
-0.077 
0.073 

.62 

73.4 
103.2 
94.0 

0.294 
0.178 
0.162 

.90 

** Residual strength data based on baseline tests at the respective 
temperatures 
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Table A-7. Summary of Results-Honolulu, Nominal 1-yr Nonsolar Specimens' 

PROPERTY 

Room Temperature 
Residual 
Strength 
Data 
{%  of Baseline)** 

Elevated 
Temperature 
Residual 
Strength 
Data 
{%  of Baseline)** 

Weight Change 
Data 
Percent Gain + 
Percent Loss - 

Weight Loss 
During Dryout 

SPECIMEN 
CONFIGURATION 

SBS 
Flexure 
Compression 

SBS 
Flexure 
Compression 
Stressed Tension 

SBS 
Flexure 
Stressed Tension 

SBS Dryout 

MATFRTAL SYSTEM 
5208 

95.0 
108.2 
83.5 

85.1 
111.0 
77.4 
112.5 

++ 

0.296 
-0.014 
0.310 

0.86 

5209 

83.7 
107.7 
105.8 

73.4 
95.8 
79.0, 
80.4 

0.067 
-0.011 
0.088 

0.58 

934 

80.4 
106.6 
97.9 

72.9 
102.1 
80.2 
106.1 

0.306 
0.218 
0.324 

-0.97 

+Average of two measurements. 

++ Gripping tab slippage. 

Notes: 

* These specimens exposed for 398 days. 

** Residual strength data based on baseline tests at the respective 

temperatures. 
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Table A-8. Summary of Results-Honolulu, Nominal 2-yr Solar Specimens' 

PROPERTY 
SPECIMEN 
CONFIGURATION 

MATERIAL SYSTEM 
5208 5209 934 

Room Temperature SBS 52.5 78.9 79.9 
Residual Flexure 96.4 99.3 103.4 
Strength +45 Tension 109.2 112.7 106.0 
Data 
{%  of Baseline)** 

Elevated SBS 81.7 65.6 70.1 
Temperature Flexure 96.6 82.9 93.7 
Residual +45° Tension 112.6 78.5 106.9 
Strength SBS Dryout 82.7 95.2 87.3 
Data 
(%  of Baseline)** 

Weight Change SBS .315 -.026 .346 
Data Flexure 

+45 Tension 
.239 -.152 .171 

Percent Gain + -.095 -.188 .030 
Percent Loss - 

Weight Loss SBS Dryout 1.16 .98 1.28 
During Dryout 

.... | 

Notes: 

These specimens exposed for 740 days. 
Residual strength data based on baseline tests at the respective 
temperatures. 
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Table A-9. Summary of Results-Honolulu, Nominal 2-yr Nonsolar Specimens* 

PROPERTY 

SPECIMEN 
CONFIGURATION 

MATERIAL SYSTEM 
5208 5209 934 

Room Temperature 
Residual 
Strength 
Data 
{%  of Baseline)** 

SBS 
Flexure 

85.7 
105.7 

78.0 
108.3 

80.3 
96.7 

Elevated 
Temperature 
Residual 
Strength 
Data 
{%  of Baseline)** 

SBS 
Flexure 
Stressed Tension 
SBS Dryout 

80.9 
100.8 
126.3 
109.1 

64.3 
84.2 
77.3 
91.8 

63.7 
98.6 
118.3 
87.2 

Weight Change 
Data 
Percent Gain + 
Percent Loss - 

SBS 
Flexure 
Stressed Tension 

.423 

.332 

.204 

.231 

.083 

.090 

.532 

.394 

.211 

Weight Loss 
During Dryout 

SBS Dryout 1.20 .93 1.34 

Notes: 

** 
These specimens exposed for 740 days. 
Residual strength data based on baseline tests at the respective 
temperatures. 
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Table A-10. Summary of Results-Aloha Airlines, Nominal 1-yr Solar Specimens * 

PROPERTY 
SPECIMEN 
CONFIGURATION 

MATERIAL SYSTEM 
5208 5209 934   

Room Temperature SBS 87.4 84.6 85.2 
Residual Flexure 106.6 110.3 105.3 
Strength 
Data 
{%  of Baseline)** 

Elevated SBS 87.9 72.7 77.4 
Temperature Flexure 

+45 Tension 
110.7 87.5 101.8 

Residual 125.5   106.2 
Strength SBS Dryout 104.4 97.4 93.11 
Data 
{%  of Baseline)** 

Weight Change SBS 0.387 0.278 0.500 
Data Flexure 0.409 0.095 0.400 
Percent Gain + +45 Tension -0.484 _ _ _ 0.013 
Percent Loss - 

Weight Loss SBS Dryout 0.98 0.84 1.11 
During Dryout 
  

Notes: 1 
* These specimens exposed for 1942 flight hours, 5760 flight cycles, 

394 days on aircraft #N73721. 

** Residual strength data based on baseline tests at the respective 
temperatures. 
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Table A-11. Summary of Results-Aloha Airlines, Nominal 1-yr Nonsolar Specimens' 

PROPERTY 

Room Temperature 
Residual 
Strength 
Data 
[%  of Baseline)** 

Elevated 
Temperature 
Residual 
Strength 
Data 
(% öf Baseline)** 

Weight Change 
Data 
Percent Gain + 
Percent Loss - 

Weight Loss 
During Dryout 

SPECIMEN 
CONFIGURATION 

SBS 
Flexure 

MATERIAL SYSTEM 

5208 

90.4 
114.5 

SBS 
Flexure 
+45 Tension 
SBS Dryout 

84.1 
110.1 
106.9 
100.5 

SBS 
Flexure 
+45° Tension 

SBS During Dryout 

0.430 
0.286 
0.087 

0.94 

5209 

80.9 
100.8 

74.0 
84.6 

94.9 

0.232 
0.139 

0.70 

934 

83.3 
103.4 

73.9 
99.6 
114.4 
93.1 

-0.231 
+0.317 
0.155 

1.10 

Notes: 

* These specimens exposed for 1942 flight hours, 5760 flight cycles, 

394 days on aircraft #N73721. 

** Residual strength data based on baseline tests at the respective 

temperatures. 
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Table A-12. Summary of Results-Aloha Airlines, Nominal 1-yr Interior Specimens* 

PROPERTY 
SPECIMEN 
CONFIGURATION 

MATER IAL SYSTEM 
5208 5209 934 

Room Temperature SBS 84.3 81.4 83.5 
Residual Flexure 107.0 112.4 104.5 
Strength +45 Tension 112.3 107.6 100.4 
Data Compression 75.9 102.6 98.6 
{%  of Baseline)** 

Elevated SBS 90.0 76.4 80.0 
Temperature Flexure 114.3 102.8 103.6 
Residual +45 Tension 115.6 87.6 103.0 
Strength Compression 81.9 80.4 76.6 
Data Stressed Tension 110.4 89.7 109.0 
(%  of Baseline)** 

Weight Change SBS 0.158 0.068 0.239 
Data Flexure 0.089 -0.171 0.065 
Percent Gain + +45 Tension 0.044 -0.227 -0.202 
Percent Loss - Stressed Tension 0.281 0.099 0.287 

Notes: 

* These specimens exposed for 1942 flight hours, 5760 flight cycles. 
394 days on aircraft #N73721. 

** Residual strength data based on baseline tests at the respective 
temperatures. 
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Table Ä-13. Summary of Results-Aloha Airlines, Nominal 2-yr Solar Exposure' 

PROPERTY 

Room Temperature 
Residual 
Strength 
Data 
(%  of Baseline)** 

Elevated 
Temperature 
Residual 
Strength 
Data 
{%  of Baseline)** 

Weight Change 
Data 
Percent Gain + 
Percent Loss - 

Weight Loss 
During Dryout 

SPECIMEN 
CONFIGURATION 

SBS 
Flexure 

SBS 
Flexure 
+45° Tension 
SBS Dryout 

SBS 
Flexure 
+45° Tension 

SBS Dryout 

MATERIAL SYSTEM 

5208 

73.7 
101.3 

75.9 
96.0 
128.2 
93.1 

.475 

.977 
-.060 

1.18 

5209 

82.3 
103.4 

59.4 
70.9 

97.0 

.232 

.045 

.77 

934 

92.1 
93.2 

64.4 
89.7 
112.0 
94.4 

.508 

.293 

.451 

1.14 

Notes: 

* 
** 

These specimens exposed for 744 days, 3832 hours. 
Residual strength data based on baseline tests at the respective 

temperatures. 
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Table A-14. Summary of Results—Aloha Airlines, Nominal 2-yr Nonsolar Specimen* 

PROPERTY 
SPECIMEN 
CONFIGURATION 

MATERIAL SYSTEM 
5208 5209 934 

Room Temperature 
Residual 
Strength 
Data 
(% of Baseline)** 

SBS 
Flexure 

83.0 
97.9 

80.4 
107.3 

88.5 
94.5 

Elevated 
Residual 
Strength 
Data 
{%  of Baseline)** 

SBS 
Flexure 
+45 Tension 
SBS Dryout 

74.6 
81.5 
96.8 
96.9 

58.6 
82.7 

95.8 

65.6 
87.0 
112.5 
91.4 

Weight Change 
Data 
Percent Gain + 
Percent Loss - 

SBS 
Flexure 
+45° Tension 

.475 
-.093 
.362 

.332 

.221 
.677 
.369 
.472 

Weight Loss 
During Dryout 

SBS Dryout 1.04 .76 1.20 

Notes: 

** 
These specimens exposed for 744 days, 3832 flight hours. 
Residual strength data based on baseline tests at the respective 
temperatures. 
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Table A-15. Summary of Results-Aloha Airlines, Nominal 2-yr Interior Specimens* 

PROPERTY 

Room Temperature 
Residual 
Strength 
Data 
{%  of Baseline)** 

Elevated 
Residual 
Strength 
Data 
(% of Baseline)** 

Weight Change 
Data 
Percent Gain + 
Percent Loss - 

SPECIMEN 
CONFIGURATION 

SBS 
Flexure 
+45° Tension 
Compression 

SBS 
Flexure 
+45 Tension 
Stressed Tension 
Compression 

SBS 
Flexure 
+45 Tension 

MATERIAL SYSTEM 

5208 

88.4 

99-2 

86.4 

63.5 
58.2 
126.4 
119.8 
90.5 

.293 

.168 

.074 

fThese specimens inadvertently tested at 82 C (180 F) 

5209 

84.9 
101.5 
110.9 
100.3 

65.0 
75.1 
85.1 
95.5 
87.5 

.119 

.021 

.126 

934 

86.1 
91.9 
107.7 
96.9 

70.7 
84.3 
105.3 
108.1 
79.2 

.372 

.133 

.144 

Notes: 

* 
** 

These specimens exposed for 744 days, 3832 flight hours. 
Residual strength data based on baseline tests at the respect!ve 

temperatures. 
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Table A-16. Summary of Results-Dry den, Nominal 1-yr Solar Specimens' 

PROPERTY 
SPECIMEN 
CONFIGURATION 

MATERIAL SYSTEM 
5208 5209 934 

Room Temperature 
Residual 
Strength 
Data 
(%  of Baseline)** 

SBS 
Flexure 
+45° Tension 

111.5 
99.3 

104.6 

84.1 
104.6 
110.4 

93.2 
104.5 
104.8 

Elevated 
Temperature 
Residual 
Strength 
Data 
(% of Baseline)** 

SBS 
Flexure 
+45° Tension 
SBS Dryout 

98.5 
106.1 
95.8 

115.2 

79.1 
98.8 
90.6 
92.7 

79.8 
102.5 
95.9 
90.8 

Weight Change 
Data 
Percent Gain + 
Percent Loss - 

SBS 
Flexure 
+45° Tension 

0.052 
-0.166 
-0.076 

0.024 
-0.245 
-0.114 

0.112 
-0.101 
-0.050 

Weight Loss 
During Dryout 

SBS Dryout .67 .68 .47 

Notes: 

These specimens exposed for 433 days. 

** Residual  strength data based on baseline tests at the respective 
temperatures. 

A-18 



Table A-17. Summary of Results-Dryden, Nominal 1-yr Nonsolar Specimens' 

PROPERTY 

Room Temperature 
Residual 
Strength 
Data 
{%  of Baseline)** 

Elevated 
Temperature 
Residual 
Strength 
Data 
{%  of Baseline)** 

Weight Change 
Data 
Percent Gain + 
Percent Loss - 

Weight Loss 
During Dryout 

SPECIMEN 
CONFIGURATION 

SBS 
Flexure 
Compression 

SBS 
Flexure 
Compression 
Stressed Tension 
SBS Dryout 

SBS 
Flexure 
Stressed Tension 

SBS Dryout 

MATERIAL SYSTEM 
5208 

99.2 
105.4 
96.9 

101.4 
112.8 
78.2 
105.5 
104.2 

++ 

0.095 
-0.022 
0.121 

.58 

5209 

89.5 
106.5 
105.9 

82.2 
107.0 
117.5 
91.7 
86.2 

0.064 
-0.129 
0.153 

,55 

934 

92.0 
99.8 

97.0 

77.8 
107.5 
60.7 
101.6 
88.9 

0.072 
-0.054 
0.055 

.72 

+ Measurement outside 1 standard deviation thrown out. 

++ Gripping tab slippage. 

Notes: 

* These specimens exposed for 433 days. 

** Residual strength data based on baseline tests at the respective 
temperatures. 
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Table A-18. Summary of Results—Dryden, Nominal 2-yr Solar Specimens* 

PROPERTY 

Room Temperature 
Residual 
Strength 
Data 
[%  of Baseline)** 

Elevated 
Temperature 
Residual 
Strength 
Data 
[%  of Baseline)** 

SPECIMEN 
CONFIGURATION 

SBS 
Flexure 
+45 Tension 

MATERIAL SYSTEM 
5208 

SBS 
Flexure 
+45° Tension 

101.4 
107.8, 
111.9 

104.6 
108.4 
97.0 

5209 

94.4 
111.1 
112.7 

87.2 
92.6 
93.5 

934 

93.4 
100.2 
109.1 

86.0 
102.7 
97.0 

Weight Change 
Data 
Percent Gain + 
Percent Loss - 

SBS 
Flexure 
+45° Tension 

+0.007 
-0.328 
-0.318 

+0.010 
-0.247 
-0.228 

+0.073 
-0.247 
-0.223 

Weight Loss 
During Dryout 

SBS Dryout .38 ,21 .38 

Average of two measurements. 

Dryout oven overheat to 177°C (350°F), 2 days, 

Notes: 

** 
These specimens exposed for 715 days. 
Residual strength data base on baseline tests at the respective 
temperatures. 
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Table A-19. Summary of Results-Dry den, Nominal 2-yr Nonsolar Specimens" 

Notes: 

* 
** 

These specimens exposed for 715 days. 
Residual strength data base on baseline tests at the respective 
temperatures. 

PROPERTY 

SPECIMEN 
CONFIGURATION 

MAT ERIAL SYSTEM 
5208 5209 934 

Room Temperature 
Residual 
Strength 
Data 
{%  of Baseline)** 

SBS 
Flexure 
Compression 

91.7 
102.3 
91.67 

95.2 
106.9 
100.5 

94.6 
102.0 
102.7 

Elevated 
Temperature 
Residual 
Strength 
Data 
{%  of Baseline)** 

SBS 
Flexure 
Stressed Tension 
Compression 

99.4 
112.3 
106.8 
88.3 

86.3 
103.5 
89.5 
82.6 

86.0 
106.4 
108.3 
85.1 

Weight Change 
Data 
Percent Gain + 
Percent Loss - 

SBS 
Flexure 
Stressed Tension 

+0.112 
-0.474 
-0.009 

-0.006 
-0.259 
-0.227 

+0.109 
-0.184 
-0.047 

Weight Loss 
During Dryout 

SBS Dryout+ .44 .25 .49 

+Dryout oven overheat to 177°C (350°F), 2 days. 
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APPENDIX B 

PHYSICAL PROPERTIES AND TEST DATA FOR BASELINE, 

TIME ALONE, AND WEATHEROMETER INDIVIDUAL SPECIMENS 
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TABLES 

B-l Baseline Short Beam Shear  
B-2 Baseline Flexure  
B-3 Baseline +45-deg Tension  
B-4 Baseline T)-deg Compression  
B-5 Baseline 90-deg Compression  
B-6 Baseline Quasi-Isotropie Compression   . 
B-7 1-yr Time Alone Short Beam Shear   .   . 
B-8 1-yr Time Alone Flexure  
B-9 2-yr Time Alone Short Beam Shear   .   . 

B-10 2-yr Time Alone Flexure  
B-l 1 Weatherometer 6-mo Exposure—Flexure 
B-l2 Weatherometer 1-yr Exposure—Flexure 

Page 

B-3 
B-4 
B-5 
B-6 
B-7 
B-8 
B-9 

B-10 
B-ll 
B-12 
B-13 
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